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Preface 


Transformers and Motors was written to assist in the 
practical training of students of electrical applications. 
Special consideration was given to the need for in¬ 
creasing the skills of journeyman electricians and for 
the introduction of these topics into apprentice training 
programs. Transformers and motors can also be used 
as a primary or supplementary textbook at the high 
school, vocational-technical school, or junior college 
level. 

Although the basic concepts and the theories of 
transformers and motors are described, and simple 
mathematical relationships are explained using ex¬ 
amples, I have placed the emphasis on installation and 
maintenance, and the troubleshooting of faults. I have 
assumed that the student has studied basic electromag¬ 
netic theory and has had an introduction to these 
concepts. 

Because one does not normally remember knowl¬ 
edge which is not applied, you should review electro¬ 
magnetic theory early in the course and be prepared to 
ask the instructor for some explanation about any of 
the concepts you do not fully understand. 

This process will not only help the individual be¬ 
come a better student and electrician, but it will also 
assist others in the class to better understand the 
principles of electromagnetic theory. At the same 
time, this process will guide the instructor as to what 
material to review. 

In preparation for writing this text, 1 made inquiries 
to many manufacturers, power companies, and main¬ 
tenance departments in plants throughout the country. 


Their cooperation in providing the information needed 
is acknowledged and greatly appreciated. 

I also conducted a search of the literature to confirm 
the theory and practices described in this text. The 
authors of this technical information are commended 
for their efforts in preserving, updating, and furthering 
the knowledge of electrical science. 

My special appreciation is extended to the Joint 
Apprenticeship and Training Committee of National 
Electrical Contractors Association/Intemational Broth¬ 
erhood of Electrical Workers (NECA/IBEW) Local 26 
in Washington, DC for whom I worked as an instructor 
for over 20 years under the directorships of Clinton 
Bearw, John Widener, and Larry Greenhill. The availa¬ 
bility to the Clinton Bearor Library extended to me by 
Mr. Greenhill has accelerated the publication of this 
text. 

I would be remiss in not thanking the members of 
the National Joint Apprenticeship and Training Com¬ 
mittee who took time from their busy schedules to 
review my efforts. Their criticisms, suggestions, and 
encouragement have been valuable in eliminating 
many errors and in providing further clarification of 
several key points in the text 

The commitment I made to write this book has 
impressed on me once again the truth that the more one 
delves into any topic, the less one knows about it. For 
this reason, this book has no real end. The search for 
more complete knowledge and understanding of elec¬ 
tricity is left to the working electrician. 

George P. Shultz 
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Chapter 1 


Fundamental Concepts: 
Transformers 


When power generation was introduced in this country 
through the efforts of Thomas Edison, the first plants 
were all direct current (DC) generation facilities. This 
meant that each power plant had to be close to the 
consumers because of the inherent losses of DC trans¬ 
mission of power. Efforts to use alternating current 
(AC) proved to be futile due to hysteresis and eddy 
current losses. Even with the introduction of AC trans¬ 
mission, many DC plants were still in use in the mid 
1900s. 

Primarily through the genius of one man, Charles 
Proteus Steinmetz (1865-1923), the theory of AC 
transmission was perfected, and the use of AC made 
possible. Dr. Steinmetz was a physically handicapped 
refugee from Germany who was almost refused enuy 
into the United States because of his deformity and 
poverty. His report in 1892 on hysteresis losses gained 
him an invitation to join a little-known corporation 
called the General Electric Company (GE). His work 
at GE is one of the chief contributing factors in the 
success of that organization and was primary to the 
company becoming one of the principal manufacturers 
of transformers and AC motors. 

A transformer is an electromagnetic device that 
transfers electrical energy from one circuit to another 
through mutual inductance. It is one of the most 
remarkable devices ever conceived. In most cases, it 
performs its assigned task without supervision year 
after year and with very little maintenance. It allows 
the power company to economically supply a single 
source voltage over a long distance to the customer. 


where other transformers change the value of the 
source voltage to the voltages required by the multi¬ 
tude of electrical and electronic devices utilized in the 
home, office, farm, and industrial plant. Transformers 
are the single most important apparatus that makes 
possible our modem electrical distribution system. 

Comparing Direct Current 
to Alternating Current 

To illustrate this point, let’s assume a power plant is 
1000 feet from the user whose equipment requires 300 
amperes at 240 volts. For discussion, the current den¬ 
sity on the transmission lines will be the same. The DC 
power plant must supply 300 amperes at240 volts over 


DC POWER 



Figure 1-1. Comparison of DC and 
AC power transmission. 
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the wires. The AC power plant can supply 30 amperes 
at 2400 volts and deliver the same amount of power 
to the customer, where it can be transfOTned to 240 
volts, 300 ampCTes. Figure 1-1 illustrates the two 
situations. 

Volt Amperes = Volts X Amperes 
72 kVA = 240X300 
72 kVA= 2400X30 

In order to have the same current density on both 
transmission lines, based on the American Standard 
Wire Gauge ASWG tables, the DC system would 
require number 0 wire, and the AC system would need 
number 10 wire. Because the distance involved is the 
same for both power plants, the volume and weight of 
the two lines are proportional to the area of the wires. 
This difference will require the supporting structures 
(power poles) to have ten times the strength for the 
number 0 wire with the resulting increased cost of 
installation and greater maintenance in the future. 
These costs would be in addition to the wire cost which 
would be approximately one-tenth as expensive for the 
AC system. 

Number 0 wire has a resistance of 0.1 ohm per 1000 
feet. The total resistance for2000 feet of wire would be 
0.2 ohm. Therefore, the voltage drop on the line, 
current times the resistance, would equal 

Voltage drop (DC) = 300 A X 0.2 Q = 60 V 

Number 10 wire has a resistance of 1 ohm per 1000 
feet. The total resistance of2000 feet of wire would be 
2 ohms. The voltage drop on the AC line would equal 

Voltage drop (AC) = 30AX2f2 = 60V 

Although the voltage drop for both systems is the 
same, the voltage regulation (VR) for AC transmission 
is much better than for DC. The DC power plant would 
have to generate 300 volts, 240 volts plus 60 volts, in 
order to deliver the required voltage to the customer. 
The percent of VR would equal 

% VR (DC) = ~ X 100 = 25% 

The AC power plant would need to generate 2460 
volts to deliver the desired 240 volts. Its VR would 
equal 

%VR = (—) X 60 = 2.5% 

\2400/ 


This means that from no load to full load, the cus¬ 
tomer’s voltage would vary from 300 to 240 volts for 
the DC transmission system. In the case of the AC 
system, the voltage would vary from 246 to 240 volts 
from no load to full load. 

The difference in the power losses consumed by the 
two systems is not insignificant A 60-volt drop at 300 
amperes on the DC system would give the following 
results: 

Watts loss (DC) = 60 VX 300 A 
= 18,000 W 

For the AC line the power loss would be 

Watts loss (AC) = 60 V X 30 A 
= 1800W 

From the customer’s point of view, it is easy to see 
which of these systems will provide the most economi¬ 
cal and efficient service. The high voltages on the DC 
line when going from a light load to full load would 
shorten the life of all the apparatus being energized. To 
regulate the DC voltage for the user would incur 
additional expenses. The AC line can be regulated 
much more economically and effectively through trans¬ 
former action. 

Direct Current TVansmission 

DC transmission lines can be economical under certain 
conditions. For example, when the generation plant is 
several hundred miles from the center of population. 
The generator produces AC power which is stepped-up 
though transformers to very high voltages, often one 
million volts or more. The AC is then rectified, and the 
resulting DC is transmitted to the consumers’ area. 

By using DC for long distance power uansmissions, 
considerable savings can be made. If a good ground 
return exists between the power plant and the intended 
destination, only one line is needed instead of three for 
AC transmission. This reduces the cost of wire by one- 
third, and the cost of the structures needed to hold the 
wires will be reduced accordingly. Economies are also 
realized with savings on losses inherent to AC trans¬ 
missions such as transformer losses and reactance 
losses. 

These savings are offset by the cost of conversion 
equipment to change the DC back to AC. Because this 
equipment is most expensive, the conversion from DC 
back to AC usually occurs only once. 



Fundamental Concepts: Transformers 


Principles of Operation 

A transformer in its simplest form consists of two 
windings on an iron core. The winding connected to 
the source voltage is called the primary windings and 
the one connected to the load is called the secondary 
winding. Energy is transferred from the primary to the 
secondary winding through magnetic induction. When 
AC voltage is applied to the primary, current flows 
through the windings which creates a constantly chang¬ 
ing magnetic field. This varying field cuts through the 
secondary windings and creates a voltage across the 
secondary. 

l\irns Ratio 

The relationship between the magnitude of the pri¬ 
mary voltage (\p to the secondary voltage (V) is 
directly related to the number of turns in the primary 
(Np) to the number of turns in the secondary (N^. This 
is expressed mathematically as 

Figure 1-2 depicts a simple transformer. The pri¬ 
mary and secondary wires are identified by the stan¬ 
dard letter and numbering system. High-voltage (pri¬ 
mary) wires are marked with a “H” and low-voltage 
wires with “X.” The turns ratio would be expressed as 
2:1, and this would be a step-down transformer. If 480 
volts were applied to the primary, the secondary voltage 
would be 240 volts. If 240 volts were applied to the 
primary, the output would be 120 volts. 


PRIMARY 



Figure 1-2. Simple transfonner. 

Reversing conditions and having 240 turns on the 
primary and 480 turns on the secondary would make 
the device a step-up transformer. Applying 480 volts 
on the primary would result in 960 volts on the secon¬ 
dary. The turns ratio would then be 1:2. 

Most transformers rated above 3 kVA can be used 
either as step-down or step-up service. Standard trans¬ 


formers below 2 kVAhave compensated windings and 
should not be used in reverse. These transformers have 
a winding ratio that provides a rated voltage to a rated 
load. 

The source voltage can be connected to either the 
“H” leads or to the “X” terminals. The primary of the 
transformer can be either set of terminals, depending 
on whether the transformer is operated as a step-up or 
step-down device. 

Transformer Rating 

Transformers are rated in kilo-volt-amperes (kVA) 
rather than in watts. The reason for this is that not all 
loads are purely resistive. Only resistance consumes 
power, measured in watts. The kVA rating is based on 
the amount of current a transformer can deliver to a 
load without exceeding its temperature rise rating. 

A large motor load that is running without mechani¬ 
cal load or well below its horsepower capacity will 
look inductive to the source. This will cause the current 
to lag the voltage. This inductive current, or lagging 
current, is doing no work, therefore it is not consuming 
power. At the same time, the transformer windings 
must be able to handle the current. The resistance of 
the windings will use power and cause heating. Under 
these conditions the circuit is said to have a poor power 
factor which is stated as a percentage and is equal to the 
cosine of the angle between the current and voltage. 

A motor load will always use some power due to the 
resistance of its windings and the friction involved 
with a piece of rotating machinery. For a purely capaci¬ 
tive load, however, very little power or wattage would 
be consumed outside that used by the resistance of the 
wires connecting the capacitor to the secondary. A 
wattmeter connected to this load would indicate zero 
watts for all practical purposes. The capacitor will 
consume energy on its charge cycle, and it will return 
the energy to the circuit when it discharges. At the 
same time, very high currents could be drawn from the 
transformer and its kVA rating would need to be 
sufficient to handle the current or its temperature 
rating may be exceeded causing damage to the trans¬ 
former. 

Transformer Currents 

When calculating the currents of a transformer, the 
primary current can be determined by dividing the 
kVA rating by the rated voltage. For example, if the 
transformer is rated 10 kVA with a primary voltage of 
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10,000 VA 
600 V 


- 16.67 A 


If the 10-kVA transfonner has a secondary voltage 
of 240 volts, the secondary current under full load (I,) 
would equal 



10,000 VA 
240 V 


= 41.67 A 

Primary current is related to secondary current as an 
inverse relationship to the number of turns in the 
primary to the number of turns in the secondary. This 
is expressed mathematically as 



Primary and Secondary kVA Relationship 

The relationships between voltages and currents in 
a transformer can be confusing at times. One should 
keep in mind that you will never get something for 
nothing. The kVA of the primary must equal the kVA 
of the secondary under the ideal transformer concept. 
Using the values in the previous example, the follow¬ 
ing results are computed: 


kVAp = kVAs 

600 V X 16.67 A = 240 V X 41.67 A 
lOkVA = lOkVA 

Another way of stating this fact is, if the voltage is 
stepped-down, the current will be stepped-up. There¬ 
fore. the relationships that exist between the turns 
ratio, voltages, and currents of a transformer can be 
stated as 



1 


IVansformer Impedance 

Impedance is another factor that needs to be consid¬ 
ered when working with transformers. Impedance is 
defined as the total opposition to current flow in an AC 
circuit 

Transformers are in effect impedance matching 
devices. In order to deliver maximum power to a load, 
the impedance of the generator, be it a battery, the 
secondary of a transformer, the output of an amplifier, 
or any source of electrical power, must equal the 
impedance of the load. Figure 1-3 is used to demon¬ 
strate this point 



Figure 1-3. Maximum transfer of power. 

Table 1-1 provides a series of calculations based on 
the values given in Figure 1-3. A battery is used to 
simulate a generator. At the two extremes for either a 
short circuit or an open circuit, no power is consumed 
by the load. In the first case, the load has no resistance, 
and only resistance consumes power. In the second 
case, no current flows when the circuit is opened, and 
power is calculated using current as a multiplier. Watts 
equals current times voltage, or substituting for volt¬ 
age using Ohm’s law, current squared (F) times resis¬ 
tance (R). 

Watts = FR 


Table 1-1. Calculations for Maximum Transfer 
of Power from Generator to Load 


K 

Rt 

(Ri + R.) 

(vJJr^ 

(V*RJ 

0.0 

0.5 

24 

0 

0.1 

0.6 

20 

40 

0.2 

0.7 

17 

59 

0.3 

0.8 

15 

68 

0.4 

0.9 

13 

71 

0.5 

1.0 

12 

72 

0.6 

1.1 

11 

71 

0.7 

1.2 

10 

70 

0.8 

1.3 

9 

68 

0.9 

1.4 

8.5 

66 

1.0 

1.5 

8 

64 

00 

00 

0 

0 
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Note in Table 1-1 that the power consumed by the 
load is zero when the value of Ae load is zero. The total 
power is consumed within the generator. As load 
resistance is increased, the power consumed by it 
increases to a maximum power of 72 watts.This occurs 
when the resistance of the battery is equal to the 
resistance of the load. A further increase in the value of 
the resistance of the load causes the amount of power 
consumed by it to decrease. The decrease would con¬ 
tinue if more resistance were added until zero power 
would be consumed when the load circuit was open, or 
undefined. 

Phase Relationships 

When the secondary of a transformer is open with no 
load applied, it acts as an inductor. The reactance is 
very high, and very little current flows in the primary. 
The primary current lags the applied voltage by nearly 
90 degrees. The only power consumed in watts is due 
to the inherent losses of the transformer. These losses 
are mostly due to the resistance of the primary wind¬ 
ings. 

Voltage will be present across the secondary wind¬ 
ings of an amplitude corresponding to the turns ratio. 
The voltage across the secondary will be 180 degrees 
out of phase with the primary voltage. Figure 1-4 
shows this relationship. This is important to under¬ 
stand when connecting a single transformer for addi¬ 
tive or subtractive operation. The left-hand rule for 
electromagnetism can be used to determine the phase 
relations. 




Figure 1-4. Phase relationship between primary 
and secondaiy voltages. 

The terminals of the transformer are marked “H” 
and “X” which is the common terminology for identi¬ 
fying the leads. “H” indicates the high-voltage leads, 
and “X” the low-voltage leads. The number 1 indicates 
the starting point for each winding. For a normally 
wound transformer, the voltages on H 1-Xl and H2-X2 
are in phase with each other. 


Transformers can be wound so that they have an in- 
phase relationship. This is accomplished by reverse 
winding either the primary or the secondary. When this 
is done, the schematic diagram used in electronic 
circuits includes a dot on both primary and secondary 
windings. The solid lines drawn between the windings 
indicate an iron core. See Figure 1-5. 


• • 



Figure 1-5. In-phase transfonner. 

Figure 1-6 shows a multiple-winding transformer 
and how the leads are designated for a power trans¬ 
former. Corresponding numbers between the high- 
voltage windings and the low-voltage windings will be 
in phase with each other. For example, HI will be in 
phase with XI. 



Figure 1-6. Multiple windings. 


Losses 

Transformers when operated within their specifica¬ 
tions and temperature range are one of the most effi¬ 
cient devices eva- invented by human beings. Efficien¬ 
cies range from 95% to approximately 99% under full¬ 
load conditions. If a transformer is operated under less 
than full load, the efficiency will decease 1% to 2%. 

Lx)sses can be classified into two categories. These 
are copper losses and core losses. There are several 
core losses. These include eddy currents, hysteresis, 
flux leakage, and core saturation. 

Copper Losses 

Copper losses are due to the resistance of the wire in 
the primary and secondary windings and the current 
flowing through them. These losses can be reduced by 
using wire widi large cross-sectional area in the manu¬ 
facturing of the coils. 
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YOKE 



Figure 1-7. Butt, wound, and mitered ayT^s.(Courtesy 
Sorgel Transformer, Square D Co.) 


Eddy Currents 

Eddy currents are those that are introduced into the 
iron core material of the transformer. They are un¬ 
wanted currents and consume power which is wasted 
as heat. A solid iron core looks like a single short 
circuit winding to the magnetic field. Because of the 
very low resistance, a very large current can be in¬ 
duced. 

This problem is largely overcome by making the 
core of very thin laminates. See Figure 1-7 for the 
types of construction. Each lamination is coated on 
each side with insulating material so that no current 
can flow between laminates. At the same time, the 
coating allows the free passage of the flux lines. This 
process greatly increases the resistance of the core and 
reduces the amplitude of the eddy currents. 

When handling transformers with the core exposed, 
care should be taken not to break the insulating inieg- 


ROLLING DIRECTION AND FLUX PATH 



YOKE 



rity of the core. For example, dropping a transformer 
on one of its edges on concrete could short the lami¬ 
nates. Eddy current losses are proportional to the 
frequency and magnitude of the current in the core of 
the transformer. 



MAGNETIZING FORCE, H = Nl/L 


Figure 1-8. Hysteresis loop — B/H curve 
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Hysteresis Losses 

Hysteresis losses are due to the magnetic agitation of 
the molecules in the iron and their resistance to being 
moved. One theory of magnetism is that in a magnetic 
material, each molecule has a north and south pole. 
When the molecules are arranged in a random fashion 
with north and south poles pointing in ev^ direction, 
the fields cancel each other and the material is not 
magnetized. When a loop of wire with a current 
flowing through it is placed around the core of the 
transformer, the molecules of the core will align their 
poles based on the “left-hand rule” of electromagnet¬ 
ism. Because AC is used, the direction of current is 
constantly changing through the coil, and therefore its 
magnetic field is constantly changing direction. There¬ 
fore, the molecules in the core are constantly moving 
to align in the proper direction. In their movement, 
they bump into each other, causing friction and heat 

The molecular alignment lags behind the current 
change, and a chart of this process is called a hysteresis 
loop or B/H curve. Figure 1-^ depicts a typical hyster¬ 
esis loop. 

The core begins magnetizing at Point A as the 
current swings in the positive direction. It continues to 
magnetize until the increased current of the magnetiz¬ 
ing force no longer produces additional flux lines or 
changes direction. This begins occurring at Point B. At 
this point, the core is said to be saturated. As the current 
swings less positive, the core begins to demagnetize. 
This process lags behind the current, so that when the 
current passes through its alternation going negative at 
Point C, the core is still magnetized in the positive 
direction and passes through the zero base line at Point 
D when the current is more negative. The core starts to 
saturate in the negative condition at Point E. As the 
current becomes less negative and moves back toward 
its positive alternation, the magnetic field again lags so 
that it is at Point F when the current is zero. Note that 
the hysteresis curve does not follow its original curve 
(Point A to Point B) when the circuit was first ener¬ 
gized. 

Hysteresis losses will increase with frequency, and 
they are greatest in materials that have a high retentiv- 
ity. These materials, once magnetized, tend to retain 
their magnetism. It requires more energy to demagnet¬ 
ize them than those with low retentivity. 

Flux Linkage Loss 

Flux linkage loss is small, but one that nevertheless 
occurs in transformers. For the most part, flux lines 


will take the path of least reluctance. Reluctance is 
defined as the resistance to the passage of flux lines. 
These materials are said to have a high permeability. 

The permeability of a material can be determined 
by dividing the flux density (B) by the magnetizing 
force (H). The core material meets this requirement 
and most of the flux lines will flow though it. Because 
flux lines going in the same direction repel each other, 
some of the flux lines are forced into open space and do 
not cut the secondary windings of the transformer. 
Because it took energy to create the lines, and they 
performed no useful work, they become a loss to the 
system. 

Saturation Loss 

Saturation losses usually occur when the transformer is 
being operated beyond its capacity. When the loading 
in the secondary occurs, the current in the primary 
must increase. A point is reached when an increase 
current in the primary produces no additional flux 
lines. This occurs at the points on each end of the 
hysteresis curve where the flux density does not in¬ 
crease with increased current (see Figure 1-8). 

Loss Reduction 

There is little that the maintenance electrician can do 
to reduce transformer losses other than make sure the 
transformer is operating within its specifications. The 
engineers and manufacturers have provided a highly 
efficient device. To maintain this high efficiency, the 
electrician should handle transformers with reason¬ 
able care when making installations. The installation 
should be kept clean, and during routine maintenance 
procedures, all fasteners should be tightened. 

Classification 

Many different types of transformers are available on 
the market today. Manufacturers’ catalogs list them 
according to their ratings and construction features and 
they are often classified according to: 

1. service or application. 

2. purpose. 

3. method of cooling. 

4. number of phases. 

5. types of insulation. 

6. method of mounting. 
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Application 

The most common method of classifying transformers 
is by their application. For example, large power 
transformers are those above 500 kVA used by the 
utility company in distribution systems over 67 kilovolts. 
Distribution transformers are used in delivering the 
appropriate levels of voltages and currents throughout 
a system. Transformers may be sign transformers, 
used with neon signs, or a gaseous-discharge lamp 
transform^- used for outdoor lighting. Transformers 
may be designated as control, signaling, bell, and so 
forth. When used in electronic circuits, designations 
such as flyback transformers used in the high-voltage 
circuit of television sets, coupling transform^s used to 
transfer signals from one circuit to another, pulse 
transformers used to develop a signal of proper ampli¬ 
tude and shape are all used. 

The list is almost endless, and one needs to be 
familiar with the field of study to be able to visualize 
the device. Some transformers may be no larger than a 
pinhead, whereas others are as large as a room. 

Core material changes with frequency. Ferrite and 
air cores are used with transformers at higher fre¬ 
quency replacing the high permeability steel cores 
used at the power frequencies. Ferrite cores are often 
adjustable so that circuits can be tuned by changing the 
inductance of the coil. 

Purpose 

General-purpose transformers are usually dry-type 
transformers 600 volts or less used for stepping voltage 
down to the utilization voltages for power and lighting. 
These transformers may be constant or varying voltage 
or constant or varying current types of transformers 
depending on the requirements of the loads. 

Buck-boost transformers are used to lower or raise 
the line voltage supplying a power transformer or load. 
The purpose of the transformer is to step-up or step- 
down a voltage. 

Isolation transformers are used to isolate the ground 
system of the power line from the area or device being 
served. For example, operating rooms in hospitals are 
required to be isolated. When used with electronic 
devices, it prevents the chassis from becoming ener¬ 
gized to the power line ground when the plug on the 
device is not polarized. 

Another purpose might be the use of a transformer 
to match impedance. The output of a stereo amplifier 
has a relatively high impedance as opposed to its load, 
a set of speakers. A transformer with a primary imped¬ 
ance equal to the output of the amplifier, and a secon¬ 


dary impedance equal to the impedance of the speaker, 
will assure maximum transfer of power. 

Cooling Systems 

Another way transformers are classified is according 
to the type of cooling system that is used. The two 
general classifications would be air or liquid cooled. 

Air-cooled transformers are normally small and 
depend on the circulation of air over or through their 
enclosures. They may be either ventilated or nonventi- 
lated. Forced air provided by fans may be used. The 
fan(s) may be part of the transformer itself, or installed 
in a structure to provide general circulation of air for a 
larger area which includes the transformer(s). The 
transformers may have smooth surfaces or may be 
equipped with fins to provide a greater surface area for 
removing heat from Aem. 

Oil-cooled transformers have the transformer’s coils 
and core submerged in the liquid. The liquid may be 
mineral oil, silicone fluid, or a synthetic material that 
has been registered by the particular manufacturer. 
Natural circulation of the oil due to the heat is used in 
some of the transformers. Fins are normally provided 
to dissipate the heat to the surrounding air. Fans may be 
used to facilitate removing heat from the transformer. 
At other times, a water jacket with circulating cool 
water may be inserted inside the transformer housing 
to cool the oil. Another method would be to pump the 
oil through the fins or radiator and not depend on the 
natural circulating currents. Any of these methods or 
combinations of them may be part of the design of any 
particular transformer. Figure 1-9 illustrates some of 
these methods. 

An effective cooling system can increase trans¬ 
former capacity 25% to 50%. Under these circum¬ 
stances, a 1000-kVA transformer may be operated as 
high as 1500 kVA without causing damage to the 
device. 

Any steps the maintenance electrician can take to 
lower the operating temperatures of electrical equip¬ 
ment will assure greater efficiencies and extended 
operating times without equipment failure. Simple 
precautions to assure adequate air flow may be all that 
is needed. 

Phases 

Transformers are also classified as to the number of 
phases. Generally, these would include single-phase 
and three-phase transformers. One may also encounter 
two-phase or even six-phase transformers. 
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Cooling by Convection. 
Cool Air Enters Bottom 
and Exits Top Vents. 



Coils Are Immersed 
in Oil-Filled Tank. 
Tank Surface May Be 
Smooth, Corrugated, 
or Tubular. 



Fins Are Attached to 
Tank to Provide Greater 
Surface Area for Oil to 
Circulate. 


Oil is Cooled by 
Coils Through 
Which Cold Water 
is Circulated. 


Figure 1-9. Cooling methods for power transformers. 


Insulation 

The National Electrical Manufacturers Association 
(NEM A) has designated four classes of insulation with 
specifications and temperature limits for dry-type trans¬ 
formers. In each case, the temperature base has been 
set at 40‘’C or 104“F. Equipment should not be in¬ 
stalled in areas with ambient temperatures in excess of 
this value without having itsoutput rating lowered. The 
NEMA classifications are 

• Class A. Allows for not more than 55®C rise on 
the coil. This is close to the boiling point of water, 
but combustible materials may be present in the 
area with the transformer. 

• Class B. Temperature rise may not exceed 80°C 
rise on the coil. These transformers are smaller 
than Class A types and weigh about one-half as 
much. These transformers are becoming less popu¬ 
lar than the Class F and H series for distribution 
systems. 


• Class F. This classification allows a temperature 
rise on the coils up to 115®C. These transformers 
are smaller than Class B types and are available 
up to 25 kVA for single- or three-phase applica¬ 
tions. 

• Class H. A maximum temperature rise of 150°C 
is allowed on the windings. The insulating materi¬ 
als used with these transformers are high-temper¬ 
ature glass, silicone, and asbestos. These units 
come in ratings of 30 kVA or greater. 

Excessive temperature rise is the primary cause of 
transformer failure. Transformers are designed to have 
higher allowable temperature rises. Sorgel Transform¬ 
ers, for example, uses a barrel-type construction on 
their power transformers that allows for 220°C rise. 
These transformers are still operated within the NEMA 
classifications, but this method of construction allows 
a temperature margin to compensate for any hot spots 
that may occur. 
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The half-life of insulation that has been exposed to 
maximum temperature from the time it is put into 
operation is approximately 20,000 hours, or 23 years. 
Transformers that are exposed to continuous duty can 
be designed to withstand these conditions at a cost of 
approximately 10% above the standard design. This 
can be accomplished by using larger conductors to 
reduce copper losses and improving the cooling sys¬ 
tem. 

Mounting 

The final method of classifying transform^s is the 
method by which they are mounted. They may be 
platform mounted, that is, they may stand on their own 
base on a structure of sufficient strength to hold them. 
They may be pole mounted, attached to a wall, or 
installed in a subway or a vault. It is important to 
specify the method of mounting when ordering a 
transformer. 


Nameplate Nomenclature 

Information provided on the nameplate of a trans¬ 
former (Figure 1-10) is of particular value to the 
electrician. Areas indicated by numbers 1 and 11 give 
the name of the manufacturer and where the company 
is located. Other information that may be included in 
these blocks are the type of device, country of origin, 
and if the transformer has been approved by a testing 
laboratory. 



TU 


POWER 

TRANSFORMER! 

TRANSFORMERS UNLIMITED 

KVA 26 ^ TEMP. RtS6 11S° C \MKDMCB 2.2% 
PRIMARY VOLTS WO SECONDARY VOLTS 12(V240 


^ PHASC Slngit 


TYPE Dty 


MOPELNO. XQT 
SERIAL NO. 101-1233 
WT.IBS. 480 




PRIMARY 


VOLTS 

UNES ON 

UNES ON XI 4X4 

800 

HI AH2 

VOLTS 1 

CONNECT 


120 ' 

X1-X3.X2-X4 


240 1 

X2-X5 


0 


- 16 
“15 
- 14 


Figure 1-10. Transformer nameplate nomenclature. 

The kVA rating is given in block 3. As mentioned 
earlier in this chapter, transformers are rated in kVA 


rather than watts. All loads are not purely resistive. 
Even though energy is not consumed by the load, the 
transformer must still be capable of delivering the 
required current. The amount of current in amperes can 
be calculated by dividing the volt-amperes by the 
secondary voltage (VAA^^). 

Allowable temperature rise is indicated in block 2. 
This value is usually based on an ambient temperature 
of 40®C. The combination of ambient and design tem¬ 
perature rise will give the maximum operating value, 
in this case. 155®C. If the ambient temperature is 30°C, 
then the transformer rise could be 125®C. If the ambi¬ 
ent is 50®C, the allowable temperature rise of the 
transformer would be limited to 105°C. 

Sections 4 and 15 give the voltage ratings for the 
primary and secondary voltages. Depending on the 
design, dual primary windings and the number of 
phases, several values could appear in these blocks. 
Windings could be connected series or parallel, and 
for three phase, wye, or delta. These various combina¬ 
tions will be described in detail in Chapter 3. 

Block 5 gives the number of phases. This value is 
usually one or three. Block 6 provides the operating 
frequency of the transformer. A 50-Hz transformer can 
be used on a 60-Hz system, but a 60-Hz design usually 
cannot be utilized on a 50-Hz supply. This combina¬ 
tion would result in the transformer drawing approxi¬ 
mately 20% greater current 

The model number, serial number, and the weight 
of the transformer is given in blocks 7, 8, and 9. 
Manufacturers* design information may be coded in 
these areas. For example, Westinghouse Corporation 
uses a 13-digit style number to code information about 
their distribution transformers. Manufacturers’ manu¬ 
als and catalogs will sometimes provide this informa¬ 
tion. 

Wiring instructions for the primary and secondary 
windings are given in blocks 10 and 12. The high- 
voltage leads from the source are connected to HI and 
H2, and the load is attached to XI and X4. For low- 
voltage operation (120 volts), terminals X1-X3 and 
terminals X2-X4 are tied together. For high voltage 
output, terminals X2-X3 are looped together to give 
240 volts. If the transformer was to provide both 120 
volts and 240 volts, a neutral would be attached to the 
X2-X3 tie point and brought to the load. This would 
provide 240 volts between XI and X4, and 120 volts 
between both XI and neutral, and X4 and neutral. A 
schematic of the transformer is shown in block 13 to 
aid the electrician in making the proper installation. 
For three-phase transformers with dual windings, these 
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sections of the nameplate would be more extensive in 
describing the various combinations. 

Although the type (block 14) of transformer in this 
example is merely described as “Dry,” this description 
can vary with the manufacturer. It may be a coded 
number similar to that used by Westinghouse Corpora¬ 
tion in their Style Number, or a series of letters and 
numbers that replace the Model Number. 

In the case of liquid- or oil-filled transformers, the 
type of insulating and cooling material may be speci¬ 
fic along with the number of gallons needed to fill the 
transformer. Other designations such as Power, Isola¬ 
tion, Autotransformer, Control, Bell, or other appli¬ 
cations may be designated in this section of the name¬ 
plate. 

The impedance of the transformer is shown in block 
16. This value is given as a percentage of change in 
output voltage from no-load to full-load condition. 
With a 2.2% impedance transformer, the full-load 
voltage would equal approximately 234/117 volts for 
the three-wire system. TTiese values are determined by 
multiplying the value of the impedance (2.2%) by the 
no-load voltage (240/120 volts) and subtracting the 
calculated value from the no-load voltage. 

Impedance of the transformer becomes important 
when two transformers are to be connected in parallel. 
If both transformers do not have nearly the same value 
of impedance, the one with the lowest impedance will 
assume a disproportional amount of the load and could 
be damaged due to overload. 

The short circuit current in the secondary of a 
transformer can also be determined using the imped¬ 
ance figure. Full-load current multiplied by 1(X)/%Z 
will give this value. For a single phase transformer the 
full-load current in the secondary is equal to the 
kVA/V,. 

Using the information from the nameplate, the 
current at full-load (IpJ is 


IpL 


25,000 VA 
240 V 


104.17 A 


and the absolute maximum secondary current (I,^) 
under short circuit conditions would equal 


I 


sc “ 



100 


104.17 

2.2 


4734.85 


This value assumes a sustained primary voltage 
during fault which implies a zero impedance source. 
Because the power source in the real world must have 
some impedance, the actual fault current will be lower 
than the 1894 amperes calculated in this example. 


To determine the full-load current for a three-phase 
transformer, the following formula would be used: 


kVA X 1000 25.000 

1.73 X V 1.73 X 240 V 

Using this value, the short circuit current can be 
calculated using the same formula as used for the 
single-phase problem. 


Isc 


ifL 

%z 


60.21 A 

2.2 


= 2736.91 A 


Taps 

Another item that may appear on the nameplate is 
information concerning the tap changer. Figure 1-11 
shows a typical diagram of this device. 
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2 

3 TO 5 

95.0 
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3 TO 6 

92.5 

4 

2 TO 6 

90.0 

5 

2 TO 7 


Figure 1-11. Tap changer information. {Courtesy 
Westinghouse Corp.) 

Because many transformers have a fixed turns ratio, 
they also have a rixed voltage ratio. If the source 
voltage is too high or too low, the voltage supplied to 
the load will be too high or too low. For this reason, 
taps are often added to die primary windings to provide 
a means to change the turns ratio as shown in Figure 
1 - 11 . 

The nameplate always identifies the relationship 
between the tap positions and the percentage of pri- 
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mary voltage available. The percentage can be deter¬ 
mined by dividing the source voltage by the primary 
voltage given on the nameplate and multiplying by 
100 . 

% = ^ X 100 
V 

p 

On transformers rated 25 kVA and below with 
secondary voltages of 120/240 volts, the taps are 
almost always designed to increase the output voltage 
due to the lighting and appliance loads. The usual 
arrangement is to have four 2Vi% taps or two 5% taps. 
These are known as “full capacity below normal” 
(FCBN) taps. Tap changing on dry-type transformers, 
such as the use of a bumper between the taps to 
complete the primary winding, is a must. 

For transformers above 30 kVA and/or higher sec¬ 
ondary voltages, high-voltage taps are often inte¬ 
grated into the design. General Electric uses a tap com¬ 
bination called universal taps which utilizes four 2 ^ 2 % 
taps for low voltage and two 2 V 2 % taps for high voltage 
[full capacity above normal (FCAN)]. This combina¬ 
tion provides for a 15% voltage difference. 

Taps are the cause of approximately 20% of all 
transformer failures. Westinghouse has an externally 
operated changer that provides positive sequence line 
voltage changes. This device features through-type 
stationary contact studs rigidly supported by a molded 
plastic channel. The moving contacts are spring-loaded, 
silver-plated copper which are moved along the sta¬ 
tionary studs by a rack and pinion device. Figure 1-12 
is an illustration of the Westinghouse device. This 
design has no rivets, bolts, or nuts, thereby assuring a 
positive contact on the current carrying connectors. 
This arrangement has greatly reduced failures due to 
the tap changer. 



Figure 1-12. Tap changer. 

{Courtesy Westinghouse Corp,) 

Tap changers are normally available to be operated 
either by removing the cover of ihe transformer, through 
a hand hole in the cover, or accessible through switch¬ 
ing arrangements brought through the case. Under no 


condition should an attempt be made to the change the 
tap when the transformer is hot. Make sure all power is 
disconnected from the device. 

If the cover must be removed, or a hand hole is used 
to change the tap, be sure that they are securely closed 
when replaced. Check that the gasket is in good condi¬ 
tion ^d accurately placed. If moisture and air is 
allowed to enter the transformer, the need for emer¬ 
gency replacement is sure to follow in a short period of 
time. 

When transformers are operated in parallel, or 
individual transformers are used for three-phase sys¬ 
tems, their taps should all be on the same setting. If 
not, their impedances will be different, and the trans¬ 
formers with the lowest impedances will take more 
than their share of the load. Circulating currents will 
also be set up between the transformers under these 
conditions, thereby putting unnecessary loads on the 
transformers and wasting energy. 

Protection Devices 

Other items that may appear on the nameplate in the 
schematic are fuses, breakers, and surge arresters. 
These devices have been designed in the system to 
protect the transformer, and gear both upstream and 
downstream from it. Overcurrent protection is de¬ 
signed to be selective and is coordinated with the entire 
system. This design provides for the isolation of faults 
without taking out of service those circuits than are 
operating properly. Figure 1-13 provides some typical 
high-voltage configurations for transformers along 
with pictures of fuses and switches. 

Fuse links are designed to operate only in the case 
of winding failure, thereby isolating the transformer 
from the primary system. The bayonet-type fuse is oil- 
immersed and is available as either an overload or a 
fault sensing device. Current limiting fuses are air 
immersed in drywall canisters and limit both the 
current magnitude and energy associated with low- 
impedance faults. 

Primary switching may be air- or oil-immersed. 
The switch shown is oil immersed and hookstick 
operable. Contacts are ganged together so that they 
operate as a unit. This switch is available for either 
radial or loop feed switching. 

Figure 1-14 shows the protective devices on and in 
a canist^ type transformer. The fuse links are in series 
with the high-voltage leads, and the circuit breaker is 
installed in series with the load. In this case, both the 
fuse link and the circuit breaker operate submerged in 
oil. 
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Figure 1-13. Typical high voltage configurations with components. (Courtesy Westinghouse Corp.) 
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PWOTECTrvC 

LINKS 


Figure 1-14. Protective devices for transformers. 

(Courtesy Westinghouse Carp.) 

Lightning arresters are installed to suppress light¬ 
ning strikes as well as line surges due to equipment 
being switched. The gap between the high-voltage line 
and the arrester is normally set at the factory. Size of 
the gap is normally marked on the arrester. Gaps 
should be checked when the arresters are installed. 

In conclusion, information provided on the name¬ 
plate of transformers is important for the electrician to 
understand. The reversal of primary and secondary 
leads going to the transformer could cause a small 
disaster. For example, if the turns ratio of a transformer 
was 10:1, and the transformer was designed for 2400/ 
240 volt operation, this simple reversal would cause 
24,000 volts instead of 240 volts to be supplied to the 
customer when the system was energized. This would 
not be good for public relations. 

Hardware Identification 

Figures 1-15 and 1-16 have been included to help 
identify the various components on a transformer. 
Figure 1-15 is used as a secondary unit substation and 
is fluid filled. Cooling is furnished through flat, tubular 
fms welded to the tank wall. Standard tank pressure is 
5 psi for oil-rilled units, and 8 psi for silicone-filled 
tanks. Transformers over 750 kVA have provision for 
forced air cooling. 


The high- and low-voltage bushings are located on 
opposite sides of the transformer at a standard height of 
55 inches. This provides for “straight-through” line 
use and ease of coordination with other units. If updat¬ 
ing is required at a later date, it can be accomplished 
with minimum cost. 

Figure 1-16 shows some of the standard features 
available on a distribution transformer used in a sub¬ 
station. Some of the other features not illustrated are 
the lifting lugs, tank ground pad, and nameplate. The 
two high-voltage and four low-voltage bushings and 
radiators can be seen. 

Autotransformers 

An autotransformer is defined as one that has an 
electrical contact connection between the primary and 
secondary windings, so that they have part of a wind¬ 
ing in common. ITiis arrangement is shown in Figure 
1-17. Auto means “self.” An autotransformer is a self- 
induced, electrical-magnetic device. 

In Figure 1-17, the autotransformer is wired as a 
step-down transformer. Under these conditions, the 
entire winding, x-z, is considered the primary coil. 
Section x-y is common to the primary and secondary. 

Calculations 

The same relationships of turns ratio, voltage, ‘and 
current apply to this type of device as the separate 
winding transformer. Using “h” for the high-voltage 
side and “x” for the low-voltage secondary, the follow¬ 
ing formula is applicable: 

Figure 1-17 provides an example of these relation¬ 
ships. There are900turns in the primary with 360 volts 
impressed. This means that there is 0.4 volt dropped 
across each turn (360 volts/900 turns). The voltage 
from X to y would equal: 

0.4VX600T = 240V 

The windings act as a voltage divider without the 
losses associated with resistance when it is used for this 
purpose. If there are 240 volts across the secondary of 
the autotransformer, then the voltage across the pri¬ 
mary, x-z, must equal the source voltage, 360 volts. 
This voltage is impressed across the primary windings 
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Figure 1-15. Standard features and accessories on a Westinghouse substation transformer. 
(Courtesy Westinghouse Corp.) 


of900 turns. Using the voltage and turns ratio formula, 
and inserting the given values, the following calcula¬ 
tion proves the mathematical relationship of using the 
voltage per turn method. 

Xh = In 

V, T, 

360 V 900 T 
V, 600 T 

_ 600 T X 360 V 
900 T 


With this information, the power being consumed 
by the load is calculated to equal 

P =I XV 

XX X 

4800W = 20AX240V 

If losses and power factor are ignored, the input 
power must equal the output power. Given this fact, the 
primary current can be determined by 



V, = 240 V 

The current drawn by the load can be found by 
applying Ohm’s law: 



20A = 


240 V 
12 


13.33 A=«W 

360 V 

The current relationships of the circuit can now be 
examined. At point x in Figure 1-17, 20 amperes is 
flowing to the load. The high-voltage source is provid¬ 
ing 13.33 amperes at this junction. According to 
Kirchhoff’s law of currents, the algebraic sum of the 
currents at any point in a circuit must be equal to zero. 
Therefore, the remainder of the current must be sup¬ 
plied by the autotransformer. Subtracting 13.33 am- 
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Figure 1-17. Step-down autotransformer 

peres from 20 amperes gives 6.67 amperes from this 
source. 

Likewise, at point y, 20 amperes is returning from 
the load. Of this amount, 6.67 amperes is returned to 
the other side of the autotransformer, and 13.33 am¬ 
peres goes back to the source. This also complies with 
Kirchhoff’s law in that the amount of current that 
leaves a power source must also return to that source. 
Current cannot be stored in a circuit. The winding that 
is common to both the primary and secondary circuit 
always carries the difference between load current and 
source current 

This is what makes the autotransformer more effi¬ 
cient than a two-winding transformer. Because less 
copper is required for the lower current to achieve the 
same purpose—to step-down the voltage—the kVA 
rating can be less with a resulting lower cost 


Co-ratio 

The kVArating of the autotransformer can be approxi¬ 
mated by the "co-ratio.” The co-ratio is equal to the 
high voltage minus the low voltage (LV) divided by the 
high voltage (HV): 


Co-ratio = 


HV-LV 

HV 


271 A -► 



Figure 1-18. Proving value of the co-ratio. 


former is rated 75 kVA at 277 volts. The autotrans¬ 
former will provide the same power to the load at 120 
volts. 

The currents in the primary and secondary circuits 
have been calculated by dividing the 75 kVA by the 
voltages in each circuit The currents have been di¬ 
vided at the junctions according to Kirchhoff’s law, 
with 354 ampeaes flowing through the secondary winding. 
The kVA of the autotransformer can be calculated by 


kVA 


120 V X 354 A 
1000 


42.48 


Dividing the 42.48 kVA of the transformer by the 
value of source, 75 kVA, gives us 0.57. This is the 
same as the co-ratio shown in Figure 1-18. If an 
isolation type of transformer with two separate wind¬ 
ings had been used, its value would had to have been 75 
kVA, the same as the source. 


Advantages 

For the same job, autotransformers are superior to 
isolation-type transformers. They are smaller in size 
requiring less excitation current, and therefore lower 
in cost Overall they have a greater efficiency due to 
the smaller currents, and they provide better regula¬ 
tion. 


Disadvantages 

The question might be asked, "Why are not more 
autotransforma-s used for these applications?” The 
answer to this question lies in the disadvantages asso¬ 
ciated with their use. 


Using the example in Figure 1-18, the usefulness of 
the co-ratio can be shown. The high-voltage trans¬ 
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The primary concern when using autotransformers 
is the development of a ground fault. For example, in 
many installations, the supply voltage may be a delta 
system that has one leg grounded or a center tap 
ground. If this system was connected to a wye wired 
three-phase autotransformer with its neutral grounded, 
a short circuit would be established between the two. 
Because of the lower impedance of the autotrans¬ 
former, the level of fault current will increase in 
inverse ratio of that of an insulated transformer. The 
inverse ratio can be determined by dividing the co¬ 
ratio into 1. The force between the coils will increase 
as the square of the current and could cause physical 
damage. 

For example, if the co-ratio is 10%, the fault current 
using the autotransformer system would be ten times 
greater. The forces generated between the coils would 
go up 100 times. Because transformers are not built 
with safety factors this great, if the source voltage is 
sustained, the device would be destroyed. 

It is mandatory then, either the transformer be built 
with greater reactance, or that the total system has 
sufficient impedance to limit the currents to a safe 
level. This may require additional reactance being 
added. In most cases, however, the impedance of the 
source is great enough to accomplish this without 
further safety features being added. The autotrans¬ 
former is usually guaranteed to withstand fault cur¬ 
rents of 25 times the full-load current This factor alone 
is enough to satisfy the safety requirements for all but 
those few systems with v^ low co-ratios having very 
low circuit impedances. 

Another disadvantage in the use of autotransform¬ 
ers is the direct contact between the high-voltage and 
low-voltage circuits. Each circuit is directly affected 
by the electrical conditions originating in the other. If 
a ground fault occurs in one, it occurs in both. A 
ground on the high voltage side may subject the low 
voltage side to the full high voltage. Although the 
windings of the autotransformer is designed to with¬ 
stand the higher voltage, the equipment it supplies is 
not 

This problem is reduced by grounding the neutral of 
the autotransformer. A fault on the source under this 
condition would cause one-phase voltage to collapse, 
and protective devices would be used to clear the 
system. 

If the neutral of the wye system was not grounded, 
and a phase of the delta was, the neutral of autotrans¬ 
former would be free to float at varying potentials 
depending upon the balance of the load on the three 


phases. This would be undesirable, and when used, 
the neutral will always be grounded. This in turn 
prohibits a grounded phase on the supply side of the 
system. Some local electrical codes might permit the 
ground on the delta source and prohibit the use of au¬ 
totransformers. This should be checked before install¬ 
ing autotransformers. 

Because of the low production level and demand for 
autotransformers, the full economic advantage cannot 
be taken. The price advantage does not become sig¬ 
nificant unless the rating is greater than 75 kVA with a 
voltage ratio of less than 2:1. 

As noted above, most problems originate from 
abnormal conditions or practices not generally in use, 
such as the grounding of a phase of the delta source. It 
is beyond the scope of this text to explore all of the 
abnormal conditions that can happen with the various 
configurations. When applicable, autotransformers 
should be considered as alternatives to the insulating, 
two-windings type. 

Variable Autotransformers 

Autotransformers are also made to be adjustable. They 
are rated in kVAand are available in sizes from 0.25 to 
200 kVA. Voltage ratings are 120,240, and 480 volts. 

These devices are made as individual units or 
ganged together from 2 up to 27 units. Ganged units 
may be made to adjust manually, or they may be motor 
driven. A schematic diagram of this device is shown in 
Figure 1-19. 



Figure 1-19. Variable autocransformer. 

Although solid-state silicon-controlled rectifiers are 
replacing these transformers for such applications as 
light dimmers and in other high-power control circuits, 
many of these installations remain in operation today. 

Variable autotransformers are particularly useful 
for test situations where precise values are desired. 
They are often used in conjunction with DC power 
supplies to adjust the AC input 

Variable autotransformers are designed to step the 
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voltage up as well as down. The step-up ratio is usually 
limited to 20%. They arc also manufactured with fixed 
taps rather than a movable arm. 


Instrument IVansformers 

Because of the dangers involved in measuring the high 
voltages and currents associated with power distribu- 
tion systems, transformers are often used to step these 
values down to safer levels. Besides reducing the 
current to a level that is safer to measure, the current 
transformer also isolates the instruments from the 
main circuit. Figure 1-20 shows a pictorial diagram of 
two types of current transformers used for this purpose. 




Figure 1-20. Current transformers. 


The primary of the transformer can be either a bus 
bar, the feeder cable, or for lower currents, a few turns 


of wire in series with the line. The impedance of the 
primary is very low, and the currents very high. The 
primary current is dependent on the load on the line 
rather than the load on the secondary circuit. Current 
drawn by the secondary has little effect on line current. 

The secondary of the transformer contains many 
turns and has a much higher impedance. If the secon¬ 
dary is not loaded, this transformer acts to step-up the 
voltage to a dangerous level, due to the high turns ratio. 
Because of this, a current transformer should always 
have a short-circuit placed across its secondary wind¬ 
ing when connecting or removing any device from its 
output. By heavily loading the secondary, the high 
voltage is reduced to a safe level. 

Current transformers can be used for control cir¬ 
cuits as well as for instrumentation, A good example of 
this would be to apply these devices to detect single¬ 
phasing on a three-phase system. If one phase of the 
power line to a three-phase motor was to become 
defective, the motor would run under increasing cur¬ 
rents and stress. A current transformer on each phase 
could detect the loss of current in the line and open a 
control relay to take the motor off the circuit. 


Potential Transformers 

Potential transformers are used to step-down the 
high voltages of a distribution system to a lower value. 
This secondary voltage is always 120 volts when the 
rated voltage is applied to the primary. Because the 
load on a potential transformer is very low, the volt- 
ampere ratings of these devices are in a range of 50 to 
200 . 

Figure 1-21 depicts a schematic diagram using both 
a potential and a current transformer along with a 
wattmeter. According to prescribed practices, the volt¬ 
meter is connected in parallel with the voltage to be 
measured, and the ammeter is placed in series with the 
current. The wattmeter must be supplied with both 
voltage and current in order to operate properly. 



Figure 1-21. Transformers used for instrumentation. 
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Both the voltmeter and the ammeter would be 
scaled to read the voltage and current of the distribu¬ 
tion system. For example, when the voltage across the 
line is 4800 volts, there will be 120 volts across the 
meter. The meter scale would indicate 4800 volts. At 
the same time, the current on the line may be 100 
amperes. This may be stepped-down to 1 ampere. The 
meter scale would indicate 100 amperes when 1 am¬ 
pere was flowing through it 


Questions 

1. Define the term “transformer.” 

2. Which transmission system, AC or DC, is 
most prevalent in the electrical industry? 
Why? 

3. Define the terms “primary” and “secondary” 
when applied to transformers. 

4. Explain the terminal markings on a trans¬ 
former. 

5. How are transformers rated? Why? 

6. If the secondary voltage is higher than the 
primary voltage, the transformer is a 

_transformer. Which set of leads, 

“H” or “X,” would be connected to the 
source? 

7. Can a transformer create electrical energy? 
Explain. 

8. Under what conditions will a transformer 
transfer maximum power to the load? 

9. In electronic circuits, the leads which have 
in-phase voltages are marked with a dot. 
How can in-phase leads be identified on a 
power transformer? 

10. What are the two major classifications for 
energy losses for transformers? 

11. How are eddy current losses reduced? 


12. What is meant when a transformer is said to 
be saturated? 

13. How can an electrician improve the effi¬ 
ciency of a transformer? 

14. How are transformers classified? 

15. Why is cooling of the transformer important? 

16. Which class of insulation allows for the 
greatest temperature rise on the coils of a 
transformer? 

17. How can the allowable temperature rise on a 
transformer be determined? 

18. The impedance value given on a transformer 
is given in percentage. What does this mean? 
Impedance is usually given as an ohmic 
value. 

19. A transformer is rated for a 50-ampere 
secondary and has an impedance of 2%. 

What is the maximum current which the sec¬ 
ondary can deliver under a fault condition? 

20. What is the purpose of the tap changer? 

What precautions must be taken when 
changing it? 

21. List the types of electrical protection 
provided to transformers. 

22. A 50-kVA transformer has a primary voltage 
of 4800 volts. The primary windings has 
3200 turns, and the secondary has 400 turns. 
What is the value of the secondary voltage 
and its rated current? 

23. How can an auto transformer be distinguished 
from other types of transformers? 

24. An autotransformer is to be used to replace a 
regular transformer. How can the size of the 
autotransformer be approximated? 

25. In general, what is the purpose of instrument 
transformers? 
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Chapter 2 


Transformer Connections 


Transformer connections and applications have over 
the years become more varied in their configurations, 
and in some cases, complicated to understand. The 
good news is that approximately 90% of all trans¬ 
former installations are single phase, and with a little 
study and practice, the theory and techniques of wir¬ 
ing, maintaining, and troubleshooting them can be 
mastered with ease. It is essential that one understands 
the single-phase transformer before studying three- 
phase combinations. 

No attempt has been made within the scope of this 
text to cover all possible three-phase arrangements and 
how the various voltages and currents are derived. 
Only the most common connections are discussed in 
greater detail. This approach has been taken to insure 
a better understanding as to how to proceed in the 
proper installation of most transformers with some 
assurance thattheconnectionsarecorrectbeforepower 
is applied to the load. 

Most electricians will never work on jobs involving 
some of the more special types of wiring configura¬ 
tions. To study them without having the need to under¬ 
stand them, would only clutter the mind and serve no 
useful purpose. However, in the event that the electri¬ 
cian is called on to work on one of these systems, he or 
she needs to be aware that other arrangements are used 
under certain circumstances. Further study would then 
be indicated. 

Job blueprints and specifications along with the 
manufacturer’s specifications and the nameplate on 
the transformer should be carefully studied to deter¬ 


mine if the device m^ts the needs of the job. Failure 
to do this may prove to be very costly, and in some 
cases, life threatening. 

The most important items to check are the voltages 
involved in the installation and the kVA rating of the 
transformer. The questions to answer are 

• “Does the voltage supplied by the power com¬ 
pany match the voltage rating of the primary 
windings?” 

• “Will the secondary voltage match the require¬ 
ments of the loads?” 

• “Is the kVA rating of the transformer greater 
than or equal to the load to which it will 
supply power?” 

A complete discussion of both of these subjects will 
be provided later in this chapter. 

Grounding connections, an important aspect of 
transformer connection, are discussed in Chapter 3. 

Single-Phase Transformers 

A transformer consisting of one primary winding and 
one secondary winding is the simplest type to install. 
The high-voltage leads are labeled “H” and the low- 
voltage leads are marked “X.” HI is found to the left 
when facing the low-voltage terminals, and H2 is 
found to the right. XI is found on the right, and X2 is 
on the left (Figure 2-1). 
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Figure 2~1. Connections for a 
single-phase transformer. 


It should be noted that the single-phase supply 
voltage of 600 volts matches the voltage requirement 
of the primary winding, and the transformer’s output 
voltage is equal to the voltage required by the load. A 
pictorial is shown along with the schematic diagram to 
help the reader visualize this arrangement 

In most cases the transformer will have dual secon¬ 
dary windings. Figure 2-2 provides a schematic and a 
pictorial diagram of this configuration. With this ar¬ 
rangement, the transformer can deliver 120 volts only, 
240 volts only, or both, 240/120 volts to the load. This 
is the typical type of transformer used to supply power 
to a residential customer or small business. The most 
common connection is for 240/120 volts. 
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Figure 2-2. Typical dual-winding secondary. 

120-Volt Load 

Figure 2-3 depicts the schematic diagram for wiring 
the transformer for a single low voltage of 120 volts. 
Notice that the load requirement is 120 volts only. To 
accomplish this task, the secondary windings, rated at 
120 volts are wired in parallel. On the terminal board, 
“A” is connected to “C” and “B” is tied to “D.” The 
“A-C” combination is brought to theX2 terminal, and 
the “B-D” tie is connected to XI. The power lines 



Figure 2-3. Typical dual-winding secondary 
connected for low-voltage output 



going to the load are connected to XI and X2. HI and 
H2 are connected to the high-voltage source supply. 

By using both secondary windings in parallel, the 
load has twice as much current available. Bach wind¬ 
ing would deliver one-half the kVA used. Because the 
secondary windings are part of one transformer and 
have equal ratings, no further considerations need be 
given when making this type of installation. 

240-Volt Loads 

Figure 2-4 shows a load requirement of 240 volts. In 
order to accomplish this, the secondary windings are 
connected in series with each other. On the terminal 
board, B and C are wired together. The tie point is 
connected to X2. A is connected to X3, and D to XL 

Under these conditions, the voltage on the windings 
of the secondaries will add togedier to provide the 240 
volts. The output current will be one half that of the 
parallel arrangement in Figure 2-3. 

In both cases, the primary voltage is the same, and 
the primary current will be the same. The maximum 
kVA available to the loads is equal in either circum¬ 
stance. The kVAof the primary must equal the kVA of 
the secondary minus transformer losses. 

For example, if the transformer is rated 6 kVA, the 
primary winding will draw 10 amperes under full load. 

6kVA=600VX lOA 

The secondary windings at 120 volts can deliver 50 
amperes. Each winding would provide 25 amperes. 
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6kVA=120VX50A 

or 

6kVA = 2(120VX25A) 



Figure 2-4. Typical dual-winding secondary 
connected for high-voltage output 

When 240 volts arc delivered to the load by wiring 
the secondary windings in series, the transfonner can 
deliver 25 amperes of utilization current 

6kVA=240VX25 A 



In either case, the current rating of the secondary 
windings is 25 amperes, and the current rating of the 
primary winding is 10 amperes. 

240 Volt/120 Volt System 

Figure 2-5 shows the typical wiring system for the 
single-phase transformer with dual 120-volt secondar¬ 
ies. By adding a third wire at the tie between B and C, 
and terminating it at X2, the transformer can provide a 
voltage of 240/120 volts to the load. 

Terminals A and D are wired to X3 and XI, respec¬ 
tively. The voltage between XI and X2 and X3 and X2 
is 120 volts. X2 is the grounded neutral in this system. 
The voltage between XI and X3 is 240 volts. 

In earlier days when power requirements of homes 
and small commercial plants were limited, only two- 
wire, 120-volt systems were used. With increased 
power demand, die three-wire, 240/120 volt system 
was introduced. The addition of the third wire provides 
a 100% increase in capacity with only a 50% increase 
in the cost of the conductors. 

The loads on the 120-volt circuits should be as 
balanced as possible. Referring to our example before, 
each winding was capable of delivering 25 amperes to 
the load. This requirement remains—one secondary 
winding cannot deliver 35 amperes while the other 
provides 15 amperes, even though the total kVA re¬ 
quirement is still the same. 

Dual Primaries 

Transformers may have dual primaries as well as dual 
secondaries. Figure 2-6 depicts the wiring arrange¬ 
ment for a low-voltage connection, and Figure 2-7 
shows the high-voltage system. 

In each of the cases above, the rating of the primary 
windings is 600 volts. When the source voltage is 600 
volts, the windings are wired in parallel to each other. 
When connected to the line, each winding will have 
600 volts across it, or its required value. When the 
source voltage is 1200 volts, the windings are con¬ 
nected in series. Because the windings have equal 
impedances, and the current in a series circuit is the 
same, the voltage drop across each of the windings will 
be 600 volts, or the required voltage rating. 

Summary 

Keep in mind that the connection diagram on the 
transformer nameplate will provide the necessaiy wiring 
information to make the proper series or parallel 
connections. One must still make certain that the 


Figure 2-5. Typical dual-winding secondary 
connected for dual-voltage output 
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X3 X2 X1 


Figure 2-4$. Dual-winding primary connected 
for low-voltage input 




X3 X2 X1 


Figure 2-7. Dual-winding primary connected 
for high-voltage input 


Transformer Polarity 

Transformers do not have a fixed polarity like that of 
a DC battery. They do, however, have relative polari¬ 
ties that must be considered when connecting them 
together. Because the voltages across the windings are 
constantly changing, we normally describe these volt¬ 
ages in terms of vectors. 

Vectors provide a graphic representation of each 
voltage in terms of its amplitude or size, and the 
angular displacement, the phase relationship, between 
the voltages. In the case of a single-phase transformer, 
these voltage relationships are either in phase, or 180 
degrees out of phase. Therefore, when the windings are 
wired together, the output voltage can be either addi¬ 
tive or subtractive. 

Battery Polarity 

Figure 2-8 depicts these relationships using DC batter¬ 
ies. When batteries are connected in series with oppo¬ 
site polarities wired together, their voltages add. This 
is represented by vectors with the arrowhead of one 
vector attached to the tail of the second. A common 
device using batteries in this manner is a flashlight 
having two 1 Vi-volt batteries connected positive to 
negative. If the polarity on one of the batteries is 
reversed, their voltages will cancel each other, and the 
flashlight will not function. This arrangement is repre¬ 
sented by the vectors with the arrowheads opposing 
each other. 



12 V 9 V 



source voltage will match the voltage rating of the 
windings, and the secondary voltages will match the 
requirements of the user. 

Some transformers may have only one high-voltage 
bushing, HI. In these cases, the other side of the 
winding is connected to the tank of the transformer. 
The second line supplying power to the transformer 
must be a grounded conductor. This wire is connected 
to the grounding lug on the transformer’s case and 
taken to earth ground. 


Figure 2-8. Additive and subtractive polarities 
using batteries. 


Identifying Transformer Polarity Using 
Bushings Numbers 

Figure 2-9 illustrates a similar situation using trans¬ 
formers. Although the voltages of the primary and 
secondary areconstantly changing, theirrelativephase 
angle to each other is constant. The vector is a stop- 
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Figure 2-9, Additive and subtractive polarity 
connections for transformers. 


motion concept that allows us to visualize the relation¬ 
ships. This is difficult to do if one thinks in terms of the 
constantly changing voltage sine waves in the primary 
and secondary. 

The standard practice for wiring a single-phase 
transformer for additive polarity, or high-voltage out¬ 
put, is to connect the high-voltage bushing H2 to the 
low-voltage bushing opposite it, XI. When facing the 
low-voltage side of the transformer, H1 will be on your 
left, and H2 will be on the right. The output voltage is 
taken from HI to X2 terminals. The primary voltage of 
12 volts and the secondary voltage of 9 volts are in 
phase with each other as represented by the vectors. 
The output voltage will be 21 volts. 

Transformers are also manufactured with subtrac¬ 
tive polarities. This is accomplished by having the 
secondary winding wound in the reverse direction of 
the primary. With this type of arrangement, the low- 
voltage bushing XI is opposite HI. The position of the 
bushings is shown in the pictorial in Figure 2-9. 

Regardless of how the secondary is wound, the 
current flow in the secondary will always be in such a 
direction as to create a magnetic field that will oppose 
the primary field. This concept is known as Lenz’s law. 
If the opposite was true, the transformer would become 
a perpetual motion device and create its own energy. 

Standard practice for wiring the single-phase trans¬ 
former for low-voltage output is to connect H2 to the 


bushing opposite it In this case, X2 would be con¬ 
nected to H2. Because the primary and secondary 
voltages are opposed to each other, 180 degrees out of 
phase, the low voltage will subtract from the high 
voltage. A 3-volt output would be taken from Hl-Xl. 

A joint committee of NEMA and The Edison Elec¬ 
tric Institute recommended 

1. Transformers ^ 200 kVA with voltage 
ratings ^ 9 kilovolts will be additive. 

2. Transformers manufactured above 200 
kVA will have subtractive polarities. 

3. Transformers with voltage ratings above 9 
kilovolts, regardless of the kVA rating, will 
have subtractive polarities. 

Determining Unknown Polarity 

There may be cases with older transformers, some 
manufacturers not adhering to this recommendation, 
or where the markings for the bushings no longer 
exist, that some doubt may exist whether a trans¬ 
former has additive or subtractive polarity. Figure 
2-10 provides two test conditions for determining the 
polarity of the device. 



Figure 2-10. Determining the polarity 
of a transformer. 

The first step in determining the correct markings 
for the bushings on a transformer is to designate the 
high-voltage bushing on the left-hand side as “HI.” 
This is done while facing the device from the low- 
voltage side. 

A small DC source is then applied to the primary 
windings of the transformer. A DC voltmeter is then 
connected across the secondary windings. The polarity 
of the voltmeter should match the polarity of the 
battery on the high-voltage bushings, and the meter 
should be set on its highest voltage range. 
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Next, break the battery’s connection while observ¬ 
ing the meter. If the deflection is up-scale, the trans¬ 
former is additive, and the low-voltage bushing with 
the positive lead of the meter is X1. A deflection down- 
scale would indicate that the transformer is subtrac¬ 
tive, and the low-voltage bushing would be designated 
X2, with XI opposite of HI. In the event that no 
deflection is observed, the meter multiplier should be 
lowered to the next lowest range, and the procedure 
should be repeated. Continue the process until a de¬ 
flection occurs on the meter. 

If no deflection occurs on the meter even at its 
lowest range, the windings of the transformer should 
be checked using an ohmmeter to determine if one of 
the windings is open. If both windings are found to 
have continuity, the DC voltage should be increased on 
the primary and the test repeated. Under no circum¬ 
stance should a high DC voltage be applied. Current is 
limited only by the resistance of the windings, and 
damage to the transformer may occur. 

A second method of testing for additive or subtrac¬ 
tive polarity is to apply AC to the primary. This voltage 
need not be the same as the rated primary voltage of the 
transformer, and a much lower voltage can be used for 
safety purposes. For example, the primary may be 
rated for 600 volts, 1200 volts, 2400 volts or higher, 
and 120 V AC can be used for this test The secondary 
voltage will be reduced according to the turns ratio. 
For example, if the transformer voltage rating is 1200/ 
120 volts, 120 volts applied to the primary would 
produce 12 volts on the secondary. These values will 
be used to describe this method. 

Before voltage is applied to the primary, connect 
H2 to the low-voltage bushing opposite it An AC 
voltmeter is attached between HI and the oth^ low 
voltage bushing. AC voltage is then applied. 

If the meter indicates 132 volts, 120 volts plus 12 
volts, the transformer is additive. Oth^wise, the meter 
wouldread 108 volts, 120 volts minus 12 volts, and the 
transformer would be subtractive. 


More often than not, the transformers that need to 
be tested will have multiple windings. The test proce¬ 
dures would still be the same, but the leads to individ¬ 
ual windings would need to be identified. These pairs 
can be found by using an ohmmeter. The polarity of 
each pair can then be identified by using the designated 
H1 and its corresponding lead to apply the test voltage. 

Wiring Transformers in Parallel 

Although a single transformer is more efficient than 
two or more transformers connected in parallel to 
supply a load, there are times that parallel connections 
may be necessary. A larger transformer may not be 
immediately available, or the higher kVA is needed 
only on a temporary basis. 

When connecting transformers in parallel, the po¬ 
larity of the transformers must be considered. Wind¬ 
ings with the same polarity must be connected to the 
same line. Regardless if the transformers being con¬ 
nected are additive or subtractive, polarity will be 
observed if all “H” and “X” terminals with the same 
numbers are connected to the same line. If the trans¬ 
formers are not marked, the procedures for determin¬ 
ing polarity should be followed (Figure 2-11). 

Voltage 

Transformers being connected in parallel should also 
have the same voltage ratings and the same ratio of 
transformation. If the low voltages are different, the 
winding with the higher voltage will constantly circu¬ 
late current to the lower voltage winding causing a 
reduction in efficiency. Under these circumstances, 
transformers should not be wired together. 

Care should be taken to insure that wire size is the 
same for the installation, and precautions taken to 
reduce to minimum any resistance in the joints of the 
interconnections. An unbalance may be created, and 
one transformer may carry more th^ its share of the 
load. 





Figure 2-11. Matching polarities when connecting transformers in parallel. 
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Impedance 

Impedance of the transformers should be nearly the 
same. Figure 1-10, block 16, showing the name plate 
nomenclature, provides an example of this value. 

Impedance is given in tmas of percent of regulation 
from no-load to full-load. The maximum difference 
allowable is approximately 7.5%. This translates into 
an exception of only a few one-hundredths of a percent 
range. When this v^ue is not observed, the transformer 
with the lowest impedance will carry a diq)roportional 
amount of the current and may become overloaded. 
Characteristic impedance does not usually vary greatly 
among major manufacturers, however, and the losses 
encountered are often offset by the practicality of the 
problem to provide added power to the load. 

Limitations 

It is not considered good practice to operate transform¬ 
ers in parallel under the following conditions: 

1. When the total load is equal to the combined 
kVA of the transformers, the total current 
supplied by either transformer shall not exceed 
110% of its rating. 

2. The no-load circulating current in either 
transformer shall not exceed 10% of the full¬ 
load rated current 

3. The arithmetical sum of the circulating and 
load currents shall not be greater than 110% of 
the full-load current 

Circulating current is the current flowing at no-load 
in the primary and secondary windings minus the 
excitation current The load current is equal to the 
amount of current going to the load. This would be the 
total current minus the circulating and excitation cur¬ 
rents. 

Parallel Wiring IVansformers 
with Different Impedances 

Under certain circumstances, a transformer can be 
wired so that an equal division of load can be accom¬ 
plished. Figure 2-12 provides one example of how this 
can be done with a transformer having dual primary 
and secondary windings. 

The parameters of the circuit are a source voltage of 
4800 volts with a load requirement of 240 volts. The 
primary windings are rated at 2400 volts and the 
secondaries at 120 volts. 
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Figure 2-12. Wiring diagram for parallel operation 
of two transfoimers with different impedances. 


In order to drop 2400 volts across each primary 
winding with 4800 volts impressed by the source, each 
pair of windings will need to be wired in series. In this 
case, one primary winding of each transformer is wired 
in series with one primary winding of the second trans¬ 
former. H2 of T1 is connected to H3 of T2, and H4 of 
T1 is connected to HI of T2 to provide the series 
connections. This provides two sets of windings with 
equal impedances which are then connected in parallel 
with each other and wired to the source. 

To obtain the 240 volts required by the load, X2 and 
X3 of each individual transformer is connected to put 
the secondary windings of each in scries to provide the 
needed voltage. These two sets of windings are then 
connected in parallel and attached to the feeder to 
supply the load. 

Because the primary windings now have equal 
currents flowing through th^i, the currents in the 
secondary windings will also be equal. The kVA of the 
primaries and secondaries must be equal. The two 
transformers in parallel now look like a single trans¬ 
former with a different impedance than either of the 
individual transformers. 

The voltage drop across each of the scries primary 
windings will be slightly different due to the differ¬ 
ences of the impedances in series. Therefore, the 
induced voltages across each of the secondary wind¬ 
ings will be unequal. However, the voltages across the 
two sets of secondary windings will be equal, 240 
volts, because equal values are added in each series 
combination. 

If the load requirement in the above example had 
been 120 volts instead of 240 volts, the paralleling of 
all of the secondary windings would have set up a 
circulating current The 10% rules given previously 
would need to be invoked to determine if the trans¬ 
formers could be used in this manner. 
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A similar problem would have occurred if the 
source voltage had been 2400 volts. All four primary 
windings would have been connected in parallel in¬ 
stead of the series-parallel combination. In this case, it 
might have been possible to connect an inductor in 
series with the primaries having the lowest impedance 
to make their total impedance equal to the higher 
value. 

There are many different conditions that may exist 
when connecting transformers in parallel. Each set of 
circumstances must be examined independently in 
order to determine the feasibility of meeting load 
requirements with this arrangement. 

Three-Phase Transformers 

In the preceding section, our discussion of transform¬ 
ers was limited to single-phase systems. Transformer 
voltages were either in phase, or 180 degrees out of 
phase. Voltages, therefore, either added or subtracted 
arithmetically from each other. 

Although single-phase systems are the most fre¬ 
quently used by most utilization equipment, they are 
not economical for large power distribution or for 
supplying large loads. Three-phase systems are the 
most popular in this country for these purposes. They 
require approximately 25% less copper than single¬ 
phase systems to deliver the same amount of power to 
a load. In addition, three-phase transformers are smaller 
and simpler to manufacture, and they have better 
operating characteristics than the single-phase types. 
Motors operated, on three-phase have approximately 
50% greater rating than a comparable motor wired for 
single-phase operation. 

Three-Phase Power Generation 

Three-phase voltages are generated by rotating three 
coils of conductors counterclockwise in a magnetic 
field. The start of each coil is designated with a “1,” 
and the end with a “2.” Each coil is 120 electrical 
degrees apart. Figure 2-13 is a pictorial of the genera¬ 
tor. 

The ends of the coils can be brought out of the 
generator through slip rings and brushes. On large 
generators, the field magnet is rotated, and the arma¬ 
ture is stationary, thereby eliminating the brushes and 
slip rings for the high-power circuits. 

Each coil will provide one single-phase voltage 
source. Usually, the coils are interconnected, and three- 
phase power is taken from the generator rather than 
three, single-phase voltages. The waveshape of the 


A2 

A1 

Figure 2-13. Three-phase power generation. 

voltages is a sine wave whose value is zero at zero 
degrees and has a maximum value of 100% (IX E^) 
at 90 degrees. 

The sine waves representing the three voltages are 
shown in Figure 2-14. The amplitudes of the voltages 
correspond to the position of the coils as shown in 
Figure 2-13. 



Figure 2-14. Three-phase voltage waves. 

As represented, the start of coil “A” is at zero 
degrees. Because it would be moving parallel to the 
magnetic flux lines at this point, no voltage would be 
induced into it 

Coil B is moving down through the field, and Coil 
C is moving up through the field. Since both coils are 
120 degrees from the start point, they are cutting the 
magnetic field at 60 degrees, and 86.7% of the voltage 
is being induced into them. A trigonometric table will 
give the values for any degree based on the laws of the 
sine wave. 

Vectors 

Figure 2-15 provides a vectorial representation of the 
voltages across the three coils. Their start points are at 
the center, and the end points are at the arrow heads. 

At any degree on the rotation, their algebraic sum 
would be equal to zero. For example, at zero degrees, 
the voltage across A is zero, the voltage across B is 
-0.867 X E^, and the voltage across C is +0.867 X 
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E^. Figure 2-14 shows the polarities and amplitudes 
of the three phases. 

Figure 2-15 also shows the vector resolution for 
determining the voltage between any two phases. In 
this case, if the maximum voltage for each phase was 
120 volts, and they are 120 degrees apart, connecting 
the vectors head to tail will give a resultant of 208 
volts. Because the values are constant in this case, the 
mathematical multiplier can be determined by divid¬ 
ing 208 by 120. This gives the value of 1.73, or the 
square root of 3. To reinforce this concept. 480/277 
volt systems are also common. Dividing 480 by 277 
gives the same result, 1.73. These values should be 
familiar to any working electrician. 




Figure 2-15. Vectorial representation of three-phase 
sine waves. 


The phase sequence is the order in which each phase 
becomes maximum. As coil A rotates counterclock¬ 
wise though the magnetic field from zero degrees, its 
value rises to maximum when it is opposite the south 
pole of the magnet, or at 90 degrees (see Figures 2-13 
and 2-14). Coil A is followed by coil B and then by coil 


C. Maximum negative voltage is induced in each coil 
as they pass through 270 degrees. 

Transformers are used to change the power gener¬ 
ated at the power plant to values used for transmission 
and again to the voltages utilized by the customers. 
The most frequent type of wiring configurations en¬ 
countered with these transformers are the wye and 
delta connections. These will be discussed in detail 
later in this chapter. 

Three-Phase Transformer Construction 

A three-phase transformer will usually be internally 
prewired. The nameplate will provide the information 
if it is wye or delta connected. 

If wye connected, the end of each coil will be 
internally connected and brought to the ground lug of 
the case. The other side of each coil will be brought to 
each high tension terminal in proper phase and marked 
H1, H2, and H3, respectively. Figure 2-16 depicts this 
situation. 



Figure 2-16. Wye wired three-phase transformer. 

Advantages of Three-Phase TVansformers 

Three-phase transformers are easier to install due to 
being prewired and ready for service. They have lower 
cost than three single-phase units, and their efficiency 
is higher. These devices require less core material to 
provide the same kVA when individual units are used. 
Therefore, they are lighter and smaller. This in turn 
requires less space for installation and reduces the 
costs of transportation. 

Disadvantages of Three-Phase TVansformers 

The primary disadvantage of three-phase transformers 
is in the case of fault. Loss of one phase results in the 
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entire unit being shut down. Although provisions could 
be made in the design to remove the bad section and 
allow the other two sections to operate when three 
single-phase transformers are used, this is not possible 
with a three-phase transformer. The reason for this is 
that all three units share a common core. The core of 
the defective unit would quickly saturate magnetically 
due to the lack of an opposing magnetic field. Flux 
lines would escape the core and begin passing though 
the metal enclosure causing severe heating, the tem¬ 
perature generated in some cases being enough to 
blister the paint and cause fires. Because of this, when 
one phase is out, the entire unit must be shut down. 

Cost of repair is greater for three-phase transform¬ 
ers, and spare units cost mc^e than one single-phase 
transformer which could be used in that system to 
restore service. Three-phase units also have reduced 
capacity when they are self-cooled. 

Even with these disadvantages, three-phase trans¬ 
formers are becoming more popular. With improved 
designs these transformers are becoming more reli¬ 
able, and the frequency of failure is becoming more 
rare. 

Wye Connection 

Wye connected transformers, sometimes referred to as 
“star” systems, are normally used when the source 
voltage comes from a wye connected secondary. The 
wiring system for wye connections is shown in Figure 
2-17. 

Four separate representations are presented so that 
the reader can better understand the connections. All 
four are used at times by various writers to illustrate 
their works. This writer prefers, for simplicity, to think 
in terms of the letter “Y.” When making this installa¬ 
tion, if the electrician draws a simple “Y,” labels each 
leg, and uses this representation to check the work, a 
mistake will seldom be made. 

Three single-phase transformers are used in this 
illustration. When making the connections, the first 


step is to wire all H2 terminals together. The H2 
terminals are then connected to the neutral. 

A neutral is required for wye connections to carry 
any unbalance in load between the three phases of the 
transformer. If the unbalanced currents were forced 
back through the windings, the voltages across the 
loads would change. Wy& connected transformo^ require 
four wires, unless the transformer is feeding abalanced 
load, such as a three-phase motor. 

The rest of the installation is simple. The HI high- 
tension tominal of each single-phase transformer is 
attached to separate phases of the source. Use the “ Y” 
diagram to check the accuracy of the work. 

Currents 

For the wye connected transformer, the winding is in 
series with the line, and there is only one current path. 
Therefore, the current carried by the winding is equal 
to the line current of the phase to which it is attached. 
The current that enters a junction, must leave the 
junction, as expressed by KirchhofF’s law of currents; 

^windtos ” ^ph«e 

Voltages 

Voltage relationships for the wye connected trans¬ 
former are different Two windings, attached at a 
common point, are connected to two separate phases of 
the power line. The voltage drops across the two 
windings must be algebraically equal to the voltage 
impressed across them as expressed by Kirchhoff*s 
law of voltage drops around a closed loop. 

The voltages across the windings, however, are 120 
degrees out of phase with each other. Their algebraic 
sums must be added together at this angle to equal the 
voltage between phases. 

For example, if the phase-to-phase voltage of the 
line is equal to 4160 volts, what must the voltage rating 
of the windings of the transformer be in order to obtain 
propa* transformation using the wye system? The 



Figure 2-17. Three single-phase transformers wired for three-phase wye. 
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correct answer would be 2400 volts. The calculations 
below show how this value was determined. 


V 


winding 



or 


2400V = 


4160 V 
1.73 


2400 V = 4160 VX 0.58 


The multiplier, 0.58, is obtained by dividing 1 by 
1.73. If you are good with numbers, it is a handy value 
to know, but not necessary. If you will remember the 
value of the square root of 3,1.73, and know how it is 
used, that is all that is required. 

To illustrate this point further, suppose you have a 
three-phase, wye connected transformer, with primary 
windings rated at 20 kilovolts. What would be the 
correct voltage between phases of the source voltage? 
If your answer is 34.6 kilovolts, your calculations are 
correct 


trates the connections for this configuration. Once 
again, four separate representations are provided to 
assist the reader in understanding the proper wiring 
methods. 

To make a delta installation using three single¬ 
phase transformers, H2 of Coil A is tied to HI of Coil 
B, H2 of Coil B is connected to HI of Coil C, and H2 
of Coil C is tied back to HI of Coil A. An examination 
of the above wiring instructions in Figure 2-18 shows 
that in effect, the windings have been connected in 
series with each other. These connections should be 
made first. The line connections are now simple. HI of 
each coil is wired to its respective phase. Delta con¬ 
nected transformers require only three wires. 

Voltage 

This arrangement places each coil across the source 
voltage. Therefore, the voltage across the winding will 
equal the line voltage. This is expressed mathemati¬ 
cally as 


V 


winding 


= V 


line 


Va-b = X 1.73 
34.6kV = 20 kVXl,73 

When to Use Wye Connection 
Another indicator in determining when a transformer 
must be wired with the wye configuration is the num¬ 
bers involved. If the voltage rating of the windings is 
not equal to the phase-to-phase voltage, or equal when 
the voltage rating is added for dual windings, a wye 
connection would be necessary. You would still need to 
use the multiplier of 1.73 times the winding voltage to 
determine if the match is compatible. Remember 1.73, 
it is important on your job. Wye connections are 
normally used when the voltage is 100 kV or more. 

Delta Connection 


In the case of dual windings, the source voltage may 
be twice the winding voltage. In this case, the windings 
would first be hooked in series with each other before 
making the delta connection. When dual windings 
exist, and the line voltage equals the winding voltage, 
then the windings would be wired in parallel. 

Current 

The line current is split between the two phases it 
feeds. These two currents flowing through the wind¬ 
ings are 120 degrees out of phase with each other. Their 
algebraic sums must equal the line current, because 
Kirchhoff’s law of current states that the algebraic sum 
of the current at any junction must be equal to zero. The 
relationship between the line current and the phase 
currents can be expressed mathematically as 


The other common method of wiring three-phase I = i X 1.73 

line winding 

transformers is the delta system. Figure 2-18 illus- 



Figure 2-18. Three single-phase transfonners wired for three-phase delta. 
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If the line current is known, then the winding 
currents can be determined by dividing line current by 
1.73 or multiplying by 0.58. 

I . „ = ^ 

1.73 

or 

= I,^X0.58 

When to Use Delta Connection 

Usually, delta primary connections are made when the 
source voltage is delta supplied, or only a single 
voltage is available, and the distribution system re¬ 
quires only a short distance. Once again, the numbers 
attached to the voltages are the key to help determine 
this. If the source voltage is equal to the voltage 
specified for the primary winding, then a delta connec¬ 
tion is indicated. In the case of dual windings, the 
source voltage can either be equal to or twice the value 
of the winding voltage. 

Ground 

When the delta system is operated without a ground, an 
artificial ground tends to exist vectorially in the center 
of the delta. Potential between each phase and the 
artificial ground under balanced conditions will equal 
the line voltage divided by the square root of 3. When 
the phases are unbalanced, the artificial ground will 
float and shift with corresponding differences in the 
currents in each phase. This voltage cannot be meas¬ 
ured because any connection between a phase and 
ground effectively brings that phase to pound poten¬ 
tial as a reference. A voltmeter placed between any 
phase and pound, therefore, will read zero volts. 

A single ground fault can occur with this system 
without any noticeable effect on the operation. The 
second fault is a short circuit. For this reason, some 
jurisdictions require pounds and/or ground fault de¬ 
tectors with unpounded delta configuration. 

Summary 

A quick determination on how to wire a three-phase 
transformer can be accomplished by comparing the 
voltages involved. If the source voltage is equal to the 
voltage required by the primary windings of the 
transformer(s), delta connections are required. If the 
source voltage is greats than the voltage required by 
the primary windings (1.73 E^), then the primary will 
be wired wye. 

When the secondary voltage of the transformer is 
equal to the required utilization voltage, then the 


transformer’s secondary would be connected delta. If 
the utilization equipment requires a higher voltage, 
1.73 times as great, as the secondary voltage, the 
secondary would be wired wye. 


Common IVansformer Connections 

In this section the most common connections for 
three-phase systems will be explored. These include 


Primary 

Secondary 

Delta 

Delta 

Delta 

Wye (star) 

Wye 

Wye 

Wye 

Delta 


Each of these arrangements has advantages and 
disadvantages. Many of these have already been dis¬ 
cussed in the previous two sections of this chapter, 
where only the primary circuits were investigated. 
With the addition of the secondary windings, further 
information about the systems is needed. 

Figure 2-19 shows the wiring for a delta-delta, 
three-phase transformer system. Both the primary and 
secondary windings are connected in series. HI of 
each coil is then wired to its respective phase on the 
feeder, and XI of each secondary coil is likewise 
connected to the load circuit 

The delta diagrams opposite the schematic repre¬ 
sentations illustrate the voltage phase relationships 
between the primary and second^ windings. Lines 
drawn parallel to each other are in phase. These lines 



Figure 2-19. Primaiy and secondary of transfonner 
delta connected. 
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are still vectors, but the arrows have been replaced 
with letters designating the phase at HI or XI on the 
transfonner(s). Positive direction is in the direction of 
the ascending alphabetical order. The dotted line indi¬ 
cates the neutral point of the diagram. 

The load should be divided equally between each 
transformer. If the total load was 75 kVA, each trans¬ 
former would be rated at 25 kVA, or one third of the 
total load. Total power delivered to the circuit can be 
calculated by multiplying the phase voltage with line 
current times the square root of 3. Dividing the value 
by 1000 will put the units in kilovolt amperes. The 
formula is 

tVA = V.ine X X 1,73 
1000 

Voltage across the primary will equal the source 
voltage, and the voltage across the load will equal the 
secondary voltage of the transformer. Feeder current 
will be equal to 1.73 times the current in the primary 
winding, and load current will equal 1.73 times the 
current in the secondary windings. Because of the high 
source and load currents, both the power source and the 
load should be close to the transformer. 

Each of the delta drawings showing the wiring 
arrangements of the primary and secondary windings 
has a dotted line extending from the “A” phase at 30 
degrees. This line represents the phase relationship 
between the primary and secondary voltages. When 
paralleling banks of transformers, this phase relation 
must be observed. If the transformers are out of phase, 
voltage would exist between parallel connections, and 
a current would flow between the two points. Even two 
banks of transformers wired delta-delta may have 
phase differences due to the interconnections of their 
windings. Under these conditions, they may not be 
connected in parallel with each other without modify¬ 
ing the internal wiring of one to make it equivalent to 
the other. 

A transformer bank connected delta-delta can never 
be paralleled with a bank wired delta-Y of Y-delta. The 
diagrams in Figures 2-20 and 2-22 depicts the phase 
differences that exist. All the other rules regarding the 
parallel connection of single-phase transformers would 
be applicable for three-phase systems. 

The delta primary is normally used when the supply 
source is delta connected. The delta secondary is 
normally used only when the load requires a single 
voltage and a high current. The load should be bal¬ 
anced so that an equal amount of current is supplied by 


each phase. A three-phase motor would meet these 
requirements. 

Delta-Wye 

Figure 2-20 shows the wiring for the delta-wye sys¬ 
tem. The previous description about delta primaries 
would also apply to this arrangement 



Figure 2-20. Transformer connected for 
delta primary, wye secondary. 


The wye connected secondary is accomplished by 
first wiring the X2 terminals of the three transformers 
together and tying them to a neutral ground. Each of 
the XI terminals of the coils is then wired to its 
respective phase. 

Second^ voltage to the load will be 1.73 times the 
voltage of a delta connected secondary. Load current 
and secondary winding current will be the same, 
because the winding is in series with the load. 

This arrangement of the secondary provides dual 
voltages to the load. Typical values would be 120/208 
volts for small installations, or 277/480 volts for larger 
areas of distribution. The system will provide three 
single-phase circuits at both the higher and lower 
voltages, and one three-phase circuit at the higher 
voltages. 

The 120-volt and 277-volt single-phase circuits are 
obtained by wiring between any phase and the neutral. 
The higher single-phase voltages are obtained by wir¬ 
ing between any two phases, and the three-phase 
voltage for the load would have all three phases 
connected to the load. 
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Besides the advantages of the dual voltages and 
having available both single-phase and three-phase 
power, the loads on the single-phase circuits can be 
balanced more easily on a wye secondary, so that each 
transformer in the bank is can7ing approximately one 
third of the load. In addition, if the load increases 
beyond the bank’s rating, this delta-wye system allows 
for the paralleling of the secondaries of another bank of 
transformers that is wired in the same manner. 

When transformers are wired delta-wye or wye- 
delta, a phase shift between the phases of the source 
voltage and the utilization voltage is introduced. The 
dotted lines in the graphic representation of the delta- 
wye arrangement depicts this shift as being 30 degrees. 

Wye-Wye 

Figure 2-21 illustrates a three-phase bank of single¬ 
phase transformers that has been connected wye-wye. 
In this case the currents of both the primary and 
secondary windings will be equal to the currents on the 
lines to which they are connected. The voltages be¬ 
tween line phases will be equal to 1.73 times the 
winding’s voltage. If the source voltage is a given, the 
voltage rating necessary for the primary can be calcu¬ 
lated by dividing the source voltage by 1.73 or multi¬ 
plying it by 0.58. 



Figure 2-21. Transformer connected for 
wye primary, wye secondary. 

The load should be divided equally between each 
transformer. kVA rating for each transformer would 
equal the source voltage times source current times 
1.73, divided by 3 times 1000: 


I y V y t 7't 

yVA = ^ source ^ 

3 X 1000 


T y V y n SR 

IfVA = ^source source ^ 

1000 


Wye-w>'e have been relatively unpopular due to the 
inherent neutral instability of this system. This is due 
to the fact that currents flowing in the branches of the 
wye connections are not independent of each other. 
Usually, the neutral of each of the primary windings 
must be tied together if the system is operating with 
unbalanced loads. When this is not done, the voltage 
across the largest load with drop, and the voltage across 
the other two single-phase loads will increase. When 
three single-phase transformers are used, this system is 
incapable of supplying an appreciable single-phase 
load from line to neutral without a serious shift in the 
neutral. An exception to this is single-unit three-phase 
transformers with a common core which can give good 
results. 


Without the neutral tie, large third harmonic volt¬ 
ages (3 X 60 Hz = 180 Hz) would appear both in the 
primary and secondary windings. TTiese voltage are 
often excessive and could stress the transformer’s 
insulation beyond its capacity, causing a breakdown of 
the system. 

As mentioned earlier in the text, if a primary source 
voltage was to fail, current would still flow through the 
secondary winding of that phase due to the load. In the 
case of a single-unit, three-phase transformer, the core 
would quickly saturate. This is due to the lack of 
current flowing through the primary winding to cause 
a counter magnetic field to oppose the field of the 
secondary. The flux lines would leak to protective 
covers and metals surrounding the transformer. The 
heat generated by the currents in these parts can often 
be high enough to cause damage to the transformer or 
start a fire. 

Wye-wye systems generate considerable interfer¬ 
ence with communications systems. The level of this 
noise is often so high that telephone lines cannot be run 
parallel with this configuration. Some jurisdictions 
prohibit the use of wye-wye transformer connections 
for this reason, and the disadvantages given above. The 
system is seldom used even in those areas where it is 
permitted. 


Wye-Delta 

Figure 2-22 depicts the wye-delta system. Transform¬ 
ers with primaries of2400 volts can easily be changed 
to handle 4160 volts from a four-wire distribution 
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Figure 2-23. Two-unit wye-delta system. 


Figure 2-22. Transformer ccmnected for wye primary, 
delta secondary. 

system by connecting them wye instead of delta. The 
tendency of utilities companies is to use the higher 
voltage, for distribution purposes. 

The neutrals of the primaries of the transformers in 
this Y-A system are not tied back to the neutral of the 
source. This allows for a three-wire distribution sys¬ 
tem, as used with the lower-voltage delta-connected 
primary, to now be used with a higher voltage. 

In the event of failure of one of the transformers in 
the bank, two transformers can be connected wye-open 
delta to continue service. Figure 2-23 shows this 
arrangement 

In order to wire the two primaries as wye connected, 
the neutral wire of the supply side must be present. The 
two transformers are now connected between phase 
and the neutral, which will provide the required 2400 
volts across the primaries. With the three-phase banks, 
two primary windings wctc in series across 4160 volts 
of the two phases. The secondary will supply all these 
phases operating open delta. This is discussed later in 
this chapter. 


Dual Windings 

Transformers are sometimes manufactured with 
dual windings. More often than not, the secondaries 
have this feature, whereas the primaries do not. For 
discussion purposes in this section, the possibilities of 
the different wiring arrangements will be explored. 

Figure 2-24 shows three identical transformers 
having dual windings on both the primary and secon¬ 
dary sides. Each primary winding is rated at 1200 
volts, and each secondary winding is rated at 120 volts. 
These values will be used in the examples described in 
this section. 

This arrangement presents the possibility of several 
different wiring schemes. For example, windings can 
be connected in series for higher voltages and low cur¬ 
rent, or in parallel for lower voltages and high current. 
These combinations can then be connected either wye 
for high voltage and low current, or delta for low 
voltage and high current. Some of these will be ex¬ 
plored based on different transmission voltages and the 
load requirements. 
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Figure 2-24. Three, single-phase transfonners having dual-primaries and dual-secondaries. 
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Delta Parallel: Delta Parallel 

Example L Source Voltage: 1200 Volts; Load Re¬ 
quirements: 120 Volts —Figure 2-25 meets the re¬ 
quirements of the parameters that are given. With a 
source voltage equal to the voltage ratings of the 
primary windings, the windings on each phase must be 
connected in parallel. With this arrangement the volt¬ 
age impressed will equal the required voltage across 
the primary windings. 

The load requirement of 120 volts is equal to the 
voltage across each of the secondary windings. To 
obtain the 120 volt load requirement, each of the 
secondary windings on each phase must be wired in 
parallel to each other. 

When the transformer’s windings of either the 
primary or secondary are wired in such a manner that 
the voltage across the windings equals the line voltage, 
then the three-phase set of coils must have the delta 
configuration. This arrangement is illustrated in Fig¬ 
ures 2-25 and 2-26. In Figure 2-26, all wiring is shown 
as vertical connections to the lines in order to simplify 
the drawing and make it easier to understand. Only 
three wires are required to connect the bank of trans¬ 
formers to the lines. 

In order to wire the primary coils of each phase in 
parallel with each other, the following connections are 
made: 

H1-H3; H2-H4 

Likewise, the dual windings of the secondary would 
be wired 

X1-X3; X2-X4 




Figure 2-25. Transfonner wired for 1200-volt source, 
120-volt load. 

To complete the delta primary, the parallel wind¬ 
ings of each phase arc connected in series with each 
other. The following terminals are wired: 

H4A-H1B; H4B-H1C; H4C~H1A 

The delta secondary can then be completed by 
wiring 


X4a-Xlb; X4b-Xlc; X4c-Xla 
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Figure 2-26. Dual-primary, dual-secondary transformer rated 1200/120 volts, 
wired for 1200-volt source with 120-volt load requirements. 
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HI of each phase of the primary can now be 
connected to its corresponding source voltage. XI of 
each of the three secondary windings is connected to 
the load. 

Delta Series: Delta Series 

Example 2. Source Voltage: 2400 Volts; Load Re¬ 
quirements: 240 Voltsfl20 Volts —^In this case the 
voltage being delivered to the transformer is twice the 
voltage rating of the primary windings. In order for 
each winding to have its rated voltage of 1200 volts, 
the primary windings of each phase will need to be 
connected in series. 

H2-H3 

The voltage drop across each pair of windings must 
now equal the source voltage. When source voltage 
equals the voltage across the phase of the transformer, 
the wiring choice is delta. The same connections made 
in Example 1 would apply here (Figure 2-27). HI of 
each winding would be wired to H4 of the next phase. 

H4A-H1B; H4B-H1C; H4C-H1A 


To provide the required 240 volts, the 120-volt sec¬ 
ondary windings must be connected in series. X2 and 
X3 of each transformer would be tied together to ac¬ 
complish this. 

The three transformers* secondaries would also be 
wired in series, X4ofonephaseconnected to XI of the 
next phase, to provide a delta system. The three-phase 
load will have twice the voltage as that in Example 1, 
but only one half the current 

In this case, the load also requires 120 volts. This 
can be accomplished by using a center tap on one of the 
phases. This center tap becomes the neutral of the 
secondary, and it is grounded. Between A phase and 
the neutral, and C phase and the neutral, 120 volts are 
available for lighting and small appliances. 

Only one of the three phases can be grounded. 
Potential exists between the center taps of the three 
phases (120 volts). If they were connected to a com¬ 
mon ground, the bank would be shorted. This would 
result in excessive current which could destroy the 
transformer and cause other property damage. 

This arrangement also has a third voltage (208 
volts) available between the neutral and the high leg of 
the delta. The high leg is B phase in Figures 2-27 and 
2-28. 




Figure 2-27. Transfoimers wired for 2400-volt source, 240/120-volt load. 
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Figure 2-28. Dual-primary, dual-secondary transformer rated for 1200/120 volts, wired for 2400-volt source 

with 240/120-volt load requirement. 


39 















Transformers 2 


Although delta secondaries are normally used to 
provide high currents to the load, and the 120-volt 
circuits are usually small, the opposite may be true. If 
the requirements were fora small three-phase load and 
large load for the 120-volt phase, two small transform¬ 
ers could be used in the delta to supply the three-phase 
power. A much larger transformer would be used to 
supply the lighting and small appliance load at 120 
volts and the third leg of the three-phase power at 240 
volts. 

Wye Series; Wye Parallel 

Example 3. Source Voltage: 4160 Volts; Load Re¬ 
quirements: 208/120 Volts —^The tendency is to use 
4160 volts for distribution rather than 2400 volts. This 
change does not require a change in the transformers 
used to step-down the voltage for utilization purposes. 
In this case, the transformers used in these examples 
can still perform the job. 

In Example 2, the primary windings were con¬ 
nected in series which required a 2400-volt source so 
that 1200 volts would be dropped across each winding. 
The three primaries were then wired delta so that the 
line voltage would equal the required voltage across 
the primaries for proper transformation to 120 volts on 
the secondary windings. 

To obtain the same results with 4160 volts, the 
primary windings would once again have to be in 
series with each other. H2 and H3 on each transformer 
would be connected. 

The transformers would then have to be wired in a 
wye configuration rather than delta. If this change is 
not made, each of the 1200-volt windings would have 
2080 volts across them. This would result in a transfor¬ 
mation of 208 volts across the 120-volt secondary 
windings. Some customers might complain about this 
inconvenience. 


N 



When the value of the supply voltage is greater than 
the voltage required by the windings, the transformers 
will have to be wired wye. The supply voltage should 
be divided by 1.73 or multiplied by 0.58 to assure that 
the voltage across the primary windings will be cor¬ 
rect. The nameplate on the transformer should be 
checked to confirm the calculations. 

To complete the installation, H4 of each of the 
transformers is connected together to form the neutral. 
HI of each transformer is then wired to its respective 
phase of the service. Figures 2-29 and 2-30 depict this 
arrangement 

In Figure 2-29, the voltages shown on the primary 
are representative for all phases. 2400 volts will be 
found from each phase and the neutral. 4160 volts will 
be measured between the phases A-B, B-C, and A-C. 

The same is true for the secondary. There are 208 
volts between each phase AB, BC, and AC. Between 
each phase and neutral, there are 120 volts. 

Figure 2-30 depicts each of these values. The 
windings in the secondary were put in parallel by 
drawing vertical lines to the load phases. This was to 
simplify the schematic so that it would be easier to 
understand. Only four wires would be necessary to 
connect the transformer to the load. 

With the 208/120-volt secondary arrangement, three 
single-phase 120-volt circuits are available. This makes 
it easier to equalize the 120-volt loads on each phase, 
providing a balanced three-phase system. This is not 
possible for the three-phase delta secondary, because 
the entire single-phase load is on one phase. 

The delta system does have an advantage over the 
wye system. If a phase is lost with the wye secondary, 
all three phases must be shut down until repairs are 
made. On the delta system, the two remaining banks 
can continue to operate with all three phases present, 
provided the remaining two transformers can carry the 
load. 


N 



Figure 2-29. Transformers wired for 4160-voll source, 120/208-volt load. 
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Figure 2-30. Dual-primary, dual-secondary transformer rated for 1200/120 volts, 
wired for 4160-volt source with 208/120-volt load. 


Open Delta 

When a three-transformer bank is converted from a 
closed-delta to an open-delta (V) system, the load 
cannot be greater than 58% of the kVA capacity of the 
three-phase system. This value is derived from the fact 
that for the closed-delta system, each winding pro¬ 
vides 58% (1/1.73) of the current for each phase. With 
open-delta, each secondary winding must supply 100% 
of the current. The winding and the line are now in 
series with each other and must be equal. Figure 2-31 
shows these relationships. Figure 2-23 provides the 
schematic diagram for a three-phase circuit using two 
transformers which are wired wye-open delta. 

Each bank is providing three-phase power to the 
load. The three-phase bank has 100 amperes flowing 
through its secondary windings, with 173 amperes 
flowing to the load. The two-transformer open delta 
has 173 amperes flowing through the secondary wind- 


173 A 



Figure 2-31. Comparison of delta and open-delta. 


ings with the same value being delivered to the load. 
The kVA of the load is equal to 

kVA=(EXIX 1.73)/1000 

= (480VX 173X 1.73)/1000 
= 143.659 kVA 

Assuming that each transformer in the bank is rated 
at 50 kVA, it would be impossible for only two of them 
to carry the 143.7 kVA load. In order to continue 
service with the original equipment, the load would 
need to be reduced to 58% of its original value. 

If the delta system were to be replaced by an open 
delta, the replacement transformers would need to be 
at least 15.5% larger than the total kVA rating of the 
delta. In this case, if the three 50 kVA transformers 
were replaced with two 75 kVA transformers, each of 
them would need to carry 173 amperes on their secon¬ 
dary windings. 

kVA = (480 V X 173 A)/1000 
= 83.040 kVA 

As can be seen, the transformers will need to 
provide at least 83 kVA, and they would not be large 
enough to handle the existing load. Adding the 15.5% 
capacity to the 75 kVA transformers would increase 
their size to 86.6 kVA. The next largest standard size of 
transformer would be selected. 

The open delta can be used to supply a high level of 
single-phase power for lighting and small appliances 
as well as a small three-phase load. When this is done, 
the single-phase source can be much larger than the 
second transformer needed to obtain the three phases. 


T 
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An open delta system may be selected for use in an 
area where projections for greater power consumption 
are predicted. When the demand is reached, the addi¬ 
tion of the third transformer will add almost 75% 
capacity to the bank. This is also due to the fact that 
each pair of transformers in the three-transformer bank 
is providing only 58% (1/1.73) of the line current on 
each phase with the installation of the full delta ar¬ 
rangement 

Special Connections 

Other than standard wye and delta type of connections, 
there exist many other designs for wiring transformers. 
These systems are usually installed for their economic 
advantage, or to overcome some deficiency in the 
operation of the present system. Some of these will be 
discussed. 

Buck-Boost Transformers 

Because transformer voltages have relative polarity, 
they can be wired as autotransformers so the secondary 
voltage either adds to the line voltage or subtracts from 
it. When the voltage adds, it is a “boost” transformer, 
and when it subtracts, it is called a “buck” transformer. 

Standard-size transformers when wired for either 
bucking or boosting applications offer the electrician 
great flexibility and versatility in providing the proper 
voltage to the utilization of equipment with different 
voltage requirements than that of the power supplied in 
a given building. 

Transformers with dual-winding primaries and 
secondaries are the most popular for this purpose. 
These transformers may be transmission types using 
1200/2400-Vprimaries and 120/240-V secondaries, or 
transformers rated with voltages under 600 V using 
120/240-V primaries with 6/12-, 12/24-, and 16/32- 
voll seconctoes. Figure 2-32 shows this arrangement 
of the dual-primary, dual-secondary transformer. 

H1 H2 H3 H4 

iOQOJ ioOOJ 

(WTlWl 

X4 X3 X2 XI 

Figure 2-32. Typical dual-primary, dual-secondary 
transformer used for buck-boost applications. 

A good example of this application is an air condi¬ 
tioner requiring 230-volts, single-phase in a small com¬ 
mercial building supplied with 120/208 V. In this case a 


transformer with voltage ratings of 120/240:12/24 
volts could be used. This transformer would have a 
turns ratio of 10:1 (see Figure 2-33). In this case the 
primary would be connected in series by connecting 
H3-H2 together. The secondary would likewise be in 
series with X3-X2 wired together. 
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Figure 2-33. Boost transformer used to raise a 
208-volt source to supply a 230-volt load. 

The primary leads, H1 and H4, are connected to the 
208-volt source. This will impress 104 volts across 
each of the primary windings. The 10:1 turns ratio of 
the transformer will provide 10.4 volts across each sec¬ 
ondary winding, or 20.8 volts total with this wiring 
arrangement. X1 and X4 are wired in series with the 
power line. The 208-volt source when added to the 
secondary boost voltage of 20.8 volts will provide a 
voltage of 228.8 volts for the 230-volt air conditioner. 
The 228.3 volts is close enough to 230 volts that the 
compressor will operate properly. 

Now that we know how to boost the voltage, how do 
we determine the size of the transformer to use to 
accomplish this purpose? Let’s assume that the single¬ 
phase load is 10 kVA. What size boost transformer do 
we need to raise the voltage? 

The total current of the load will flow through the 
secondary of the boost transformer. This current can be 
calculated by: 

1^^= 10000/228.8 
= 43.71 A 

This current when multiplied with the 24-volt sec¬ 
ondary of the boost transformer gives: 

VA = 43.71 X 24= 1049 VA 

A standard rated 1 kVA transformer may be suffi¬ 
cient to supply the higher voltage to the 10 kVA load. 
However, a transformer rated at 1 kVA with a 24-volt 
secondary would have rated current for the secondary 
of 41.67 A. This means the secondary winding is 
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exposed to about 4.8% higher current than its rating. 
Because the heating effect of this current varies as the 
current squared, total heating effect will increase by 
nearly 10%. Most transformers are designed to take 
this overload. 

A question needs to be answered at this point Is this 
enough difference to select a larger rating for the boost 
transformer? This would depend upon the conditions 
involved. If there is a chance the source voltage of 208 
volts will drop to a lower value, the current will 
increase even more. Current for induction or synchro¬ 
nous motors used with air conditioners will increase at 
about the same rate that the voltage drops. This would 
not be a consideration with a resistive load; here the 
current will decrease proportionately with the voltage. 

Another question involves the load on the air con¬ 
ditioner. Will it continuously operate in an overload 
condition? If so, one could expect an increased current. 
In most cases, air conditioners do not operate continu¬ 
ously and proper design takes care of this problem. 
Consult the manufacturer’s catalog to determine the 
load limit on the transformer used to boost the voltage. 
When a serious doubt exists, err on the side of the next 
larger transformer. 

Current supplied by the 208-volt source will also 
increase when the boost transformer is introduced to 
the circuit. This is due to the current flow through the 
primary of the transformer. In this case it would be 1/ 
10 (turns ratio) the current in the secondary, or 4.37 A. 
Total line current is 43.71 A + 4.37 A or about 48 A. 
This should be checked to determine if the ampacity of 
the conductors needs to be increased or if the overcur¬ 
rent protection meets the requirements of the code. 

There are a couple of factors the electrician needs to 
be aware of when wiring buck-boost transformer cir¬ 
cuits. When a standard transformer is used, the appli¬ 
cation is different from that which the manufacturer 
intended. The transformer when wired as an autotrans¬ 
former may be subjected to voltage stresses which 
never occur when operated as a conventional trans¬ 
former. If the primary of the transformer opens, for 
example the fuse blows, the secondary in series with 
the line acts like a choke which may have from two to 
five times its normal voltage impressed across it. This 
may result in insulation breakdown and destroy the 
transformer. The higher the voltages involved in the 
boost operation, the greater the chance of breakdown 
when the system malfunctions. Isolating the case of the 
transformer from ground is one way of preventing this 
from occurring. The use of transformers designed for 
buck-boost operation is better. 


Another factor involves the familiarity that the 
electrician has for a given task. Assume the boost 
transformer for the air conditioner is several hundred 
feet from the 208-volt source and the air conditioner 
also requires 120 volts for its control circuits. Instinc¬ 
tively the electrician might think why run a neutral 
several hundred feet to the source transformer just to 
get 120 volts. Why not ground the midpoint (G) of the 
228.8 volts on the autotransformer and use a ground 
return to obtain the 120 volts? (Figure 2-34). 



Figure 2-34. Effects of grounding the midpoint of the 
boost transformers. (Courtesy Songel Transformer.) 


The average electrician is accustomed to connect¬ 
ing the midpoint of a 120/240-volt secondary ground. 
This is when the trouble begins. G and XO are not the 
same electrically in this circuit. A potential of 60 volts 
exist between the two points in this case. This is shown 
pictorially by the dotted line between XO and Gl. G 
and Gl are electrically the same point with a zero 
potential between them. 

Connecting XO to G causes a short circuit. The 
current of the short is limited only by the impedance of 
the transformer and the resistance of Che ground return. 
If the source transformer is capable of sustaining the 
additional load, and the resistance of the ground is very 
low, the system will continue to operate. However, 
there is now about 120 volts between F and G and 120 
volts between G and H instead of 104 volts Q/t of 208 
volts). The primary voltage of the boost transformer 
has been raised with the secondary voltage rising 
accordingly. The worse possible case would be that 
264 volts is across the load instead of the nearly 230 
volts the air conditioner is rated. 

The results of using this ground return are: 

1. The ground short circuit will cause increased 
current flows which will tend to cause prema¬ 
ture failure of the transformers. 

2. The overvoltage on the air conditioner will 
shorten its life and may cause failure of 
auxiliary components such as fans. 
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The solution to obtaining the 120 volts is to run the 
neutral from the transformer to the air conditioner Do 
not ground point G on the boost transformer. 

Instead of single-phase power, the air conditioner 
may require three-phase power at 230 volts. In this 
event, three, single-phase transformers would be used 
with the same voltage ratings used in the example for 
the single-phase requirement. Figure 2-35 illustrates 
the wiring for the three-phase system. 


X1 X2 X3 X4 



Figure 2-35. Using boost transformers in a 
three-phase power system to raise voltage to the load. 

The VA rating of the three single-phase transform¬ 
ers can be reduced due to the decrease in line current. 
The line current for three-phase operation will equal: 

II - VA/Vl X 1.73 
= 10000/228.8 X 1.73 
- 25.26 A 

The VA rating for each transformer would equal: 

VA= 24X25.26 
= 606.24 VA 


There are times when the line voltage may be too 
high. A standard rated transformer can be connected to 
buck the line voltage, thereby lowering the voltage to 
the load. Figure 2-36 illustrates this arrangement 


X4 X3 X2 XI 



Figure 2-36. Buck transformers used to lower the 
voltage to the load. 

Under this condition, the connections on the sec¬ 
ondary of the back transformer are reversed. X4 is now 
connected to H4. The secondary of the transformer is 
now acting like a choke which results in 187.2 volts 
(208 volts-20.8 volts) being delivered to the load. 

Figure 2-37 shows an application of a booster am¬ 
plifier used to raise the voltage on a 24(X)-volt distribu¬ 
tion line. In this case, line voltage has fallen to 2200 
volts. Use of the booster transformer raises the voltage 
back to 2420 volts. 



Figure 2-37, Boost transformer used to raise 2200 volts 
to 2420 volts. 


Tee-Connected Transformers 

It is well known to the manufacturers of transformers 
that, as the size of transformers goes down, the cost per 
kVA increases. Given the high competition within the 
industry, anything that can be done to reduce costs 
without sacrificing performance should be attempted. 
The Tee-connected transformers is one attempt to 
achieve this goal. Both the manufacturer and the 
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H1 



The secondary terminals, X1, X2, and X3, will have 
208 volts between them. From XO and any of the low- 
voltage terminals, 120 volts are available. XO is the 
electrical neutral for the system and it may be grounded. 

Another way of obtaining 208/120 volts from a480/ 
277 volt distribution system is to use autotransformers. 
Figure 2-39 depicts this arrangement. There are 208 
volts between the Unes attached to the taps. Between 
the lines and the neutral/ground, there are 120 volts. 


XI 



Figure 2-38. Tee-connected transformer. 


customer save money when this arrangement is se¬ 
lected. Tee-connected transformers are also called 
Scott transformers. 

When a three-phase, delta-wye transformer is pur¬ 
chased, it usually has three primary and three secon¬ 
dary windings. The Tee-type transformer has a two- 
coil primary and a two-coil secondary (Figure 2-38). 
By reducing the number of coils and achieving the 
same purpose, the Tee-connected transformer can be 
sold for less money than its typical three-phase equiva¬ 
lent. 

The connections for the primary are the same as for 
any three-phase transformer. Each high-voltage termi¬ 
nal is wired to the appropriate phase of the supply. 
Between the center tap and H2, 416 volts are im¬ 
pressed across the winding. The turns ratio of the 
transformer is adjusted to compensate for the lower 
voltage. Between HO and any of the high-voltage 
terminals, 277 volts will be present. 


Zigzag Connection 

The zigzag connection of transformers is used to 
provide a neutral for a three-phase system when the 
neutral is not supplied through the system. This ar¬ 
rangement is particularly useful where a wye-wye 
connected system is to be used. Wye-wye systems 
using three single-phase transformers with a common 
ground may resonate with the capacitance in the sys¬ 
tem and cause high stress voltages at the third har¬ 
monic on the system. This problem is greatly reduced 
through the use of the zigzag connection which re¬ 
duces third harmonic voltages to acceptable levels. 
Figure 2-40 illustrates this arrangement. The kVA 
ratings of the transformers are based on the amount of 
unbalance current and the voltage of the system. 



Figure 2-40. Zigzag connection using 
six autotransformers 




Figure 2-39. Obtaining 208/120 volts for plant distribution using autotransformers. 
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Questions 

1. When installing a transformer, which are the 
most important specifications to be con¬ 
firmed? 

2. How arc high- and low-voltage leads identi¬ 
fied on a transformer? 

3. Draw the schematic diagram for a dual¬ 
winding secondary having 120 volts on each 
winding to produce a 240-volt output. 

4. Does the kVA calculation of the primary 
circuit equal the kVA rating of the secon¬ 
dary? Explain. 

5. A transformer is rated at 15 kVA, 2400/600 
volts. What is the primary current? How 
much secondary current is available? 

6. A transformer has dual primaries rated at 600 
volts. Connect them for a 1200-volt source. 

7. If two IV^-volt batteries are connected positive 
to positive, how much voltage will be 
available at their other terminals? 

8. A transformer is rated 2400/240 volts. HI is 
wired to XI. What is the voltage between H2 
and X2? 

9. Will a 12-kilovolt transformer have an 
additive or subtractive polarity? 

10. How can the continuity of a winding be 
determined? 

11. Draw a circuit for determining the polarity of 
a transformer using an AC voltage source. 

12. If you have two transformers, one additive 
and the other subtractive, which arc to be 
connected in parallel to each other to supply 
a load, which terminals on each transformer 
would be connected to the same line? 

13. Can transformers having different voltage 
ratings be connected in parallel? Explain. 

14. What is the effect of connecting two trans¬ 
formers that do not have the same imped¬ 
ances in parallel with each other? 

15. Are there any wiring methods that would 
allow transformers of different impedance to 
be connected in parallel? 

16. How many degrees separate the phases of a 
three-phase system? 


17. The amount of copper in a single-phase 

system can be reduced by_% if a 

three-phase system is used to deliver the 
same amount of power. 

18. In which direction does the rotor of a 
generator turn? 

19. What is the algebraic sum of the voltages in 
a three-phase system? 

20. In Figure 2-15, if the phase voltages were 
277 volts, what would be the voltage 
between B and C? 

21. How are the H2 terminals of the transformers 
connected for a wye system? 

22. List the advantages of using a three-phase 
transformer rather than three separate single¬ 
phase transformers. 

23. What is the relationship between the line 
current and the winding current of a wye 
connected transformer? 

24. What is the relationship between the line 
voltage and the winding voltage of a wye 
connected transformer? 

25. What is the relationship between the line 
current and the winding current of a delta 
connected transformer? 

26. What is the relationship between the line 
voltage and the winding voltage of a delta 
connected transformer? 

27. On which system, wye or delta, is it easier to 
balance the single-phase loads? 

28. Which system, wye or delta, is more likely to 
be used with a high three-phase current re¬ 
quirement with a minimal single-phase load? 

29. Can three-phase banks of transformers be 
wired in parallel with each other? Are there 
any exceptions? 

30. Draw the schematic diagram for a simple 
delta-wye wired transformer. 

31. Calculate the kVA of a three-phase trans¬ 
former with 2400-volt, 15-ampere primary 
windings. 

32. Which of the three-phase wiring systems is 
capable of generating excessive voltages at 
the third harmonic? 
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33. Is it possible to obtain three phases for a load 
while using only two single-unit transform¬ 
ers? Explain. 

34. Using dual secondaries rated at 120 volts, 
what is the maximum number of voltages 
available to the load? What are their values? 

35. Draw the secondary circuit that would 
provide the voltages in the question above. 

36. In the event of failure of a single transformer 
in a delta system, how much of the full load 
will the open-delta system carry? 


37. When replacing a delta system with an open- 
delta one, how much larger must the replace¬ 
ment transformers be in comparison to the 
original ones? 

38. What is the purpose of buck-boost 
transformers? 

39. Give another name for Tee-connected 
transformers. 

40. Give an application for zigzag-connected 
transformers. 
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Installation 


When a transformer is received at the worksite for 
installation, it should be inspected. If any apparent 
damage is evident, this should be reported immedi¬ 
ately by filing a claim form to the responsible party, 
carrier, or manufacturer. 

General Considerations 

The transformer should be examined for any damage 
to the case in the form of excessive dents. Protruding 
parts such as insulators or indicating meters should be 
given individual attention to detect cracks in porcelain 
or broken glass. 

All bolts, nuts, and fittings are checked for proper 
tightness. If the transformer is opened for inspection or 
installation, take care that foreign materials do not fall 
into the transformer. Dropping tools, bolts, nuts, and 
other objects into the transformer could damage the 
insulation on the coils. 

Coolants 

If the transformer is oil filled, a check is made of the 
liquid level and for any leaks. The transformer may 
have an oil level gauge, or the level will be marked 
inside the tank (Figure 3-1). Larger transformers have 
a gauge, and smaller types have a level mark. 

If the coolant level is low and a leak is suspected, 
locate the exact point of the leak by cleaning the 
surface of the transformer with a solvent. When the 
surface is dry, dust the area with a dry powder such as 


talcum, lime, or cement dust. The exact point of the 
leak can be readily located in this manner. 



Figure 3-1. Transformer oil level indicators. 


If the leak is above the oil level, an inert gas such as 
nitrogen can be inserted at 3 to 5 psi. Use a solution of 
soapy water on all joints and welds. The location of the 
leak will show up as a fine stream of bubbles. Leaks 
above the oil-level mark can occur because the coolant 
rises in the tank when it is heated during normal 
operation. 

Once the leak has been located, it can be repaired if 
the transformer has already been accepted. Small leaks 
in welded joints can usually be repaired by “peening” 
them with a ball peen hammer. Larger leaks in joints 
need to be welded, brazed, or soldered. Leaks around 
gaskets can normally be stopped by tightening the 
bolts. If not, the gasket will need to be replaced. Leaks 
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around threaded joints can be repaired by applying a 
joint compound that will not dissolve in oil. In the 
event this does not work, the joints need to be re¬ 
threaded. 

Once repairs have been effected, the oil level must 
be replenished. Be sure the replacement oil is the same 
as that in the transformer. If mineral oil is mixed with 
any of the synthetic oils, it is almost impossible to 
separate them. The entire transformer may have to be 
drained of the contaminated oil and refilled with the 
recommended coolant. A 1000 kVA transformer may 
hold from 500 to 1000 gallons of oil, depending on its 
voltage rating. 

Transformers should not be overfilled. In operation 
the oil becomes hot and expands, building up pressure 
inside sealed transfonners. If the transformer is not 
sealed, the oil may spill out under normal operating 
conditions. 

Testing Coolant 

If the transformer is oil filled, the oil will be checked 
for moisture. A moisture content of 0.06% reduces the 
dielectric strength of the oil by about 50%. If the 
transformer is not going to be installed immediately, a 
quick test can be conducted with a red-hot nail. If the 
nail is placed in the oil, and the oil “crackles,” moisture 
is present, and the transformer will need to be dried 
ouL A dielectric test should be performed on the oil if 
the “hot nail” test indicates that water is present in the 
transformer. 

Figure 3-2 depicts a receptacle for the dielectric 
testing of the oil. The standard is to use electrodes 1 
inch in diameter that are separated by one-tenth of an 
inch. The complete procedure for conducting this test 
will be described later in this chapter. 

Removing Moisture from Coolant 

Moisture can be removed from the oil by raising the 
temperature of the oil above the boiling point of water. 
This is normally accomplished by applying power to 
the transformer using the short-circuit method. The 
short-circuit method will also be discussed later in this 
chapter when electrical testing methods are described. 

When the water is boiled, the temperature is not to 
exceed the maximum temperature ratings shown on 
the nameplate of the transformer. Good ventilation is 
needed to take the water vapor away from the trans¬ 
former. Because it may take several days to remove the 
water in this manner, checking the transformer on 
receipt may provide adequate time to dry it out before 
it is scheduled to be installed. 



Figure 3-2. Receptacle for dielectric testing of 
transformer oil. 


Storing Coolants 

Oil for large transformers is normally shipped sepa¬ 
rately to reduce the weight of the transformer. For a 
1000 kVA transformer rated at 4160 volts primary, the 
oil adds approximately 1 ton to the total weight The oil 
comes in 55-gallon drums. It should be stored inside 
and on its side (Figure 3-3). The bung on the barrel 
should be checked for any leaks, and the drums remain 
sealed until the oil is needed. 



Figure 3-3. Drum storage for transformer oil. 

Outdoor transformers usually use mineral oil, and 
transformers for inside use are filled with a synthetic 
liquid (askarel) that is nonflammable and nonexplo¬ 
sive. (Pyranol® is GE’s tradename and Intereen<^ is 
Westinghouse’s tradename for askarel.) Care should be 
taken to keep the mineral oil and askarel separate so 
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that they are not accidentally mixed together when 
filling a transformer. The mineral oil will ignite at a 
much lower temperature, thereby affecting the charac¬ 
teristics of the synthetic oil. 

Health Hazards 

Synthetic oils sometimes cause skin irritation, and one 
must be careful not to become exposed to them. Some 
types of synthetic oil used in past years contain poly¬ 
chlorinated biphenyls (PCBs) which are known to 
cause cancer. These coolants are being replaced, but 
many transformers still contain them. Contact with 
them should be avoided, and in the case of a trans¬ 
former fire, the area should be evacuated. Fire fighting 
personnel use special breathing apparatus when fight¬ 
ing these types of fires. 

Moving Transformers 

When the transformer is to be moved, it should never 
be dragged along the floor. Use the lifting eye(s) or 
other designated welded fixtures on the tank to lift it 
onto casters or rollers. Operational fixtures on the 
transformer should never be used as hand-holds or 
lifting points. If a hoist or other rigging is used to lift 
the transformer, check that the ropes or cables have the 
capacity for the job. 

If a forklift is available on the job, it is an excellent 
tool within its rating for this purpose. Always move the 
transformer in an upright position. Be sure that any 
apparatus used to move the transformer does not come 
in contact with parts, such as insulators or gauges, that 
might be broken if any force is applied to them. 

Verify Order 

The nameplate on the transformer should be checked 
to see if the correct device has been received. It is 
important to check the kVA rating and the voltage 
ratings. 

It is customary for the manufacturer to ship trans¬ 
formers wired for their highest voltage rating. This is 
true for the secondary as well as the primary. 

Storage 

When the transformer is to be stored for a period of 
time before installation, some precautions should be 
taken. Distribution transformers designed for outside 
use need no special handling. However, they are not to 
be kept in an area where they are standing in water or 
corrosive chemicals or where gases are present. Trans¬ 
formers designed for inside use are to be stored in a dry. 


clean area where the temperature of the surrounding 
air is higher than the case of the transformer. Other¬ 
wise, condensation will form on and in the trans¬ 
former. This may increase the drying out period. Any 
entrance to the inside of the transformer must be 
blocked to prevent rodents, insects, and excessive 
amounts of dust and dirt from entering the transformer. 

Follow the manufacturer’s recommendations when 
installing the transformer. Check local codes and the 
specifications of the job along with any addendum for 
compliance and proper procedures. 

Environmental Considerations 

Several environmental factors must be considered 
when installing a transformer. The general rule is that 
the transformer must be accessible to qualified person¬ 
nel for maintenance and repair while access is re¬ 
stricted to laypersons. Some of these factors are man¬ 
datory as prescribed by the National Electrical Code 
(NEC), codes of local jurisdictions, manufacturer’s 
specifications, and common sense. 

Guarding 

Safety is the most important factor that must be consid¬ 
ered. When possible, transformers with exposed live 
parts should be placed in a locked room or vault with 
only qualified personnel allowed to have a key. If this 
is not possible, transformers rated over 50 volts and not 
over ^0 volts may be elevated so that their live parts 
are a minimum of 8 feet above floor level. 

In areas where the transformer may be exposed to 
physical damage, a permanent barrier of sufficient 
strength to prevent damage is permitted. Only quali¬ 
fied personnel are allowed access to the area. Warning 
signs which forbid entrance are posted at the entrances 
of guarded locations. (Figure 3-4). 

If the transformer carries over 600 volts, elevation is 
not permitted as a means of guarding. The equipment is 
to be enclosed in a locked room or vault to which only 
qualified personnel have access. Other requirements 
are specified for the room or vault depending on the 
nature of the equipment being installed. If a barrier or 
fence is used for this purpose, it shall have a minimum 
height of 8 feet. 

Metal-enclosed transformers are permitted to be in¬ 
stalled in areas open to the general public. Appropriate 
caution signs are required. Any openings to the device 
are designed in such a manner that foreign objects can¬ 
not be forced into the enclosure. 
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WARNING AND PROTECTION 

Figure 3-4. Guarding live parts of a transformer. 

Transformer Rooms and Vaults 

The NEC in Article450gives specific provisions about 
the environment in which transformers shall be in¬ 
stalled. These vary depending on the kVA, voltage, and 
the type of coolants used. 

Dry-type transformers rated over 600 volts at not 
more than 112.5 kVA when installed indoors shall be 
separated from combustible materials by a minimum 
of 12 inches. A fire-resistant, heat-insulating barrier 



M- FLAMMABLE WALLS 


NO SEPARATION OR 
BARRIER REQUIRED 



LESS THAN 800 VOLTS 


Figure 3-5. NEC requirements for dry-type 
transformers of 112.5 kVA or less. 

must be installed between the two if this requirement 
cannot be met. If the transformer is rated at 600 volts 
or less, no barrier is necessary (Figure 3-5). 

Dry-type transformers over 112.5 kVA or with 
voltage ratings above 35 kV that are installed inside a 
building shall be in a fire-resistant room. No special 
spacing is required when this condition of the code is 
met. An exception to this rule allows these transform¬ 
ers to be installed in a room made of combustible 
materials provided there is 6 feet clearance horizontal 
and 12 feet vertical. Also under these conditions, the 
insulation class must be Class B or H and allow for an 
80®C temperature rise or greater. Figure 3-6 depicts 
these conditions. 

Transformers insulated and cooled with less-flam¬ 
mable liquids (fire point 300°C, 572°F) and less than 
35 kV may be installed indoors. They shall be located 
in noncombustible areas of noncombustible buildings. 
Minimum clearance required for the heat release of the 
liquid used shall be maintained. A liquid confinement 
area around the transformer is required. The minimum 
height of the sill is set at 4 inches, but it must be high 
enough to contain the liquid. If these transformers are 
not in a vault, an automatic fire extinguishing system 
shall be incorporated. Drains should be installed in 
vaults, if practical, to dispose of any accumulation of 
water and oU. Liquid-cooled transformers rated above 
35 kV shall be installed in a vault. Figure 3-7 shows 
these requirements. 
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Figure 3-6. Requirements for dry-type transformers 
over 112,5 kVA when installed indoors. 
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Figure 3-7. Installing less-flammable liquid type 
transformer near combustible materials. 


Floors of vaults that are in contact with the earth 
shall be at least 4 inches thick. If the vault is above the 
ground level, the floor shall be so constructed as to be 
fire resistant for a minimum of 3 hours. The roof, walls, 
and doors of a vault must also meet the 3-hour require¬ 
ment. The roof and walls must be constructed with a 
minimum of 6 inches of reinforced concrete. A 1-hour 
requirement is placed on those vaults that are equipped 


with automatic water, carbon dioxide, or Halon fire 
protection systems. No other piping or duct system is 
allowed to pass through the vault other than that used 
for cooling the transformers. 

Vaults shall be used only for their intended purpose 
of housing the transformers in a safe manner. No other 
foreign materials of any nature are permitted to be 
stored in them (Figure 3-8). 



Figure 3-8. Requirements for transformer vaults. 

Ventilation 

When some synthetic coolants that do not ignite at 
relatively low temperatures are used, they give off 
nonflammable gases due to internal arcing in the 
transformer. In poorly ventilated rooms, means of 
absorbing or disposing of the gases must be included in 
the design. If the transformer is rated over 25 kVA, a 
pressure release value is required on the transformer. 
Duct work may be used to carry the gases to the outside 
(Figure 3-9). 

An adequate ventilation system is defined as one 
that is capable of carrying off the heat losses of the 
transformer without causing a temperature rise that 
would be in excess of the transformer rating. Generally 
this requires the free exchange of 100 cubic feet per 
minute of air for each kilowatt of loss. Vaults, when¬ 
ever possible, should be located in areas where access 
to outside air is readily available. 

Ventilation openings are not to be installed in areas 
where people are likely to be present, nor should the 
vents be exhausted into any area where combustible 
materials may be present. When the natural circulation 
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Figure 3-9. Requirements for installing synthetic oil-cooled and installed transformers indoors. 


of air is used, one-half the total area of the vents is to 
be installed near floor level and the other half in the 
roof or near the ceiling. Three square inches of vent 
opening are required for each kVA. Under no condition 
shall the vent be less than 1 square foot for transformer 
capacity under 50 kVA. 

Vents shall have automatic fire dampers in their 
design that will close in the event of a fire. They must 
be covered with durable screens, louvers, or grates to 
prevent entrance into the transformer by birds or 
animals and to avoid other unsafe conditions. 

Flammable Coolants 

Oil-insulated transformers whose coolant is flammable 
must be in a vault that has a minimum of 4 inches of 
concrete on all sides when installed indoors. The total 
capacity of the transformers under these conditions 
must not exceed 112.5 kVA. There are exceptions to 
this requirement, and the local and national codes 
should be consulted if this installation is proposed. 
Figure 3-10 illustrates this requircmenL 

Noise Levels 

Anoth^ consideration when installing transformers is 
the level of noise that they transmit. All transformers 


REINFORCED CONCRETE 
VAULT • MINIMUM 4” ^ 



OIL FILLED TRANSFORMER - 
LESS THAN 112.5 kVA I-l 

1_J 


INI 



Figure 3-10. Requirements for oil-filled transformers 
installed indoors. 

make noise due to the vibration of the iron core as the 
magnetic field builds and collapses. The frequency of 
this noise is twice that of the frequ^cy applied to the 
transformer. Transformers should be chosen that have 
sound levels below the ambient noise level in the area 
in which they are to be installed. Figure 3-11 provides 
typical sound levels in decibels for various locations. 
Most manufactures of transformers usually provide 
the sound levels of their products. The measurements 
are normally made based on American National Stan¬ 
dards Institute (ANSI) standards. 

The first rule in installing transformers so that their 
noise level does not interfere with people is to select 
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Figure 3-11. Ambient noise level in decibels. 


Following these procedures will allow most trans¬ 
formers to be installed in areas where people are work¬ 
ing. Avoid trying to reduce the noise level after the job 
is completed. Curtains and screens have not proven to 
be effective in reducing transformer noises. The use of 
acoustic tile has minimal effect at transformer 
frequencies. Construction of sound barriers after the 
fact is expensive and may not prove effective. 

Most manufacturers provide low noise level types 
of transformers. General Electric and Westinghouse 
sell a quiet, dry-type transformer that averages 40 
decibels in the 0 to 9 kVA range, and 65 decibels for the 
1001 to 1500 kVA devices. It should be kept in mind 
that a 3-decibel rise in noise results in a doubling 
of amplitude. On the other hand, a reduction of 3 deci¬ 
bels will cut the noise level in half 

For example, if the noise level of a 5 kVA trans¬ 
former changed from 40 to 43 decibels, its vibrations 
would be twice as loud. If the noise level of a 1500k VA 
transformer was reduced from 65 to 62 decibels, it 
would be only one-half as noisy as before. 


one that is quiet. It must have a sound level below that 
of the area in which it is going to be installed if noise 
interference is to be avoided. The ambient sound level 
of the area will mask the noise of the transformer. The 
noise from the transformer, however, will be heard 
when the normal ambient noise level drops. When 
possible, install the transformer as far away from the 
activities of people as feasible. 

Locate transformers where the normal acoustics of 
the room do not amplify their sound. The least desir¬ 
able location is in a comer near the ceiling. The comer 
area of aroom acts as a megaphone. Likewise, narrow 
corridors or stairwells are to be avoided since these 
areas tend to amplify the noise. 

Mount the transformer so that its vibration is not 
transmitted to the structural parts of the building. 
Flexible mounts can be be used when the structure of 
the building is used. The mounts must provide isola¬ 
tion from the structure itself, and they must be properly 
loaded. 

Solid mounting of small transformers to reinforced 
concrete walls or floors is usually not objectionable. 
Their mass is not sufficient to cause vibrations in the 
stmeture. 

The use of flexible couplings between wiring troughs 
and conduits will reduce the chance of noise transfer 
through these devices. Flexible wire for the hook-up is 
also recommended. 


Location 

Whenever possible, open ventilated transfamers should 
be installed in areas that are clean and dry. If the 
location does not meet these specifications, suitable 
protection is needed. Dry-type transfenmers depend on 
the free flow of clean air. They are not to be subjected 
to areas containing excessive dust and coiosive chemi¬ 
cals. In extreme cases, filtering of the air may be 
necessary. 

Ambient temperature of the room in which trans¬ 
formers are to be installed should be checked. If the 
temperature is above the normal value of 40®C, the 
transformer may have to be derated, ch- the ventilation 
increased to reduce the ambient temperature. 

Transformers are normally designed according to 
industry standards to operate below altitudes of 3300 
feet. Because the air becomes thinner with increase in 
altitude, less heat is removed from the device. For each 
330 feet above 3300 feet, the transformer is to be 
derated 0.3%. Transformers operated 6600 feet or 
more above sea level should have their outputs re¬ 
duced to 97% of their kVA rating. In most cases, this 
should not be a problem. The majority of installations 
have a safety factor sufficient to offset any needed 
altitude corrections. 
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Grounding 

Grounding is probably the most misunderstood of all 
the topics regarding electrical systems. Several books 
and large sections of others have been written to help 
explain the topic. An examination of Article 250 of the 
NEC reveals that grounding requirements are associ¬ 
ated with almost every other other article of the code. 
A complete discussion of this topic is far beyond the 
scope of this text and will be limited to a few basic 
considerations and explanations. 

Purpose 

The purpose of grounding systems is threefold: 

1. to keep noncurrent-carrying metallic parts of 
electrical systems at zero potential of the earth 
to protect personnel who come in contact with 
them. 

2. to limit excessive voltages caused by light¬ 
ning, transients, and line faults with higher- 
voltage systems to protect the equipment and 
associated systems from damage and to avoid 
life-threatening situations due to these acci¬ 
dental happenings. 

3. to stabilize the voltage in respect to ground 
and to facilitate the operation of overcurrent 
protection devices when a ground fault occurs. 

Definitions 

Before discussing this topic, a few definitions are in 
order. Ground is generally defined as being earth 
potential. In some cases, where the earth is not very 
conductive, such as in very dry regions, artificial 
grounds can be established for an electrical system. 
This may include the introduction of chemicals into 
the earth, or a counterpoise, consisting of conductors 
laid out in a radial fashion and buried in the earth. 
When a system is said to be grounded, this means that 
it is brought to the reference potential of the earth or the 
established ground. 

A grounding conductor is the electrical lead that 
connects the system or equipment to earth. This lead is 
normally connected to the grounded electrode which 
generally is a metal stake driven into the earth. Copper 
or aluminum conductors are required for the ground¬ 
ing conductor. It may be bare or insulated. When 
insulated, the color shall be green if the wire gauge is 
number 6 or smaller. If the wire is larger than number 
6, the grounding conductor must be identified in some 
manner. 


Bonding is the permanent connection between 
metallic parts of a system to provide electrical conduc¬ 
tivity between them. It assures that all related parts of 
the system are at the same ground potential. Methods 
of acceptable bonding usually involve the creation of 
good mechanical connections between metallic parts. 
Pressure connections and clamps are used for this 
purpose. Soldering the parts together is not permitted. 

System Grounds 

Preference for establishing the system ground is shown 
in Figure 3-12. The first choice would be the steel 
frame of the building. Where this is not possible, a 
metallic cold water pipe is the next best source of 
obtaining a good ground. Finally, if a ground cannot be 
established in one of these ways, a rod is driven into 
the ground as close as possible to the equipment. 



Figure 3-12. Sources for grounding systems. 


Equipment Grounding 

In general, all covers, conduits, cable trays, and other 
noncurrent-carrying metallic parts of electrical sys¬ 
tems must be grounded as provided in Article 250 of 
the NEC. There are exceptions to this general rule, and 
they should be checked. 

Care must be taken that the integrity of the ground¬ 
ing system is not broken. Grounding conductors and 
those providing bonding between parts shall not be 
wired through a switching device, which thereby 
creates a means of breaking the continuity of the 
system. 

An exception also exists to this rule. If a circuit 
breaker is used that simultaneously breaks all live 
conductors when the ground breaker opens, then it is 
permitted. Further study of the requirements for ground¬ 
ing is necessary for the electrician. 
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I had the unique “pleasure” of experiencing a situ¬ 
ation where article 250 of the code had not been 
followed. The case in point took place in Japan. 

Additional new wiring for an interoffice communi¬ 
cation system was being installed in a dropped ceiling 
which had existing wiring for light and power. The 
crawl space in the ceiling was approximately 2Vi feet, 
and the ceiling itself was capable of supporting the 
weight of a man. The dropped ceiling was approxi¬ 
mately 12 feet from the deck, and required a 10 foot 
stepladder to enter it. 

Work had progressed in an orderly manner for 
several hours. The wiring had been taken to a point in 
the ceiling where a supporting beam prevented pas¬ 
sage to another area of the room where the wiring was 
to be terminated. There was a space of approximately 
2 to 3 inches between the beam and the dropped ceiling 
through which the wire could pass. It was necessary to 
climb down from the ceiling and move the ladder to the 
other side of the beam. 

Immediately on entering the ceiling on the other 
side of the beam, the planets and all the stars in heaven 
whirled around in my head, and I became unconscious 
for a short period of time. On regaining consciousness, 
I found my head at the opening in the ceiling. Perspi¬ 
ration ran profusely from my body. To the best of my 
recollection, I did not know what had happened, and it 
took several seconds for the realization of my situation 
to register. At this point, pure fear look hold of me. I 
was afraid to move in anticipation of a recurrence of 
the shock. My flashlight had gone out, and I could see 
very little of what surrounded me. 

It took several minutes before I summoned up 
enough courage to wiggle my toes. Finally I begin 
working myself inch by inch backward by pushing 
with my heels. I came out of the hole in the ceiling head 
first down the ladder. 

When I reported the incident, a local electrician was 
summoned to determine the cause of the fault. The 
electrician was a Japanese national who informed me, 
“It never happens in Japan.” 

My integrity being at stake, I asked him what he 
meant that it could never happen in Japan. He pro¬ 
ceeded at that point to explain grounding systems to 
me and why in Japan such an accident could never 
happen. 

“You see,” he said, “In Japan all conduits are 
bonded together and taken to the ground. It never 
happens that you get shocked.” 

Being frustrated, young, inexperienced, and having 
survived this dangerous experience, I suggested that 


perhaps he would like to go up mto the ceiling to prove 
his point Now, being older, more experienced, and 
more tolerant of people, I would not take this ap¬ 
proach. 

Without hesitation the local electrician climbed the 
ladder into the ceiling. There was a very loud scream 
and the man came failing from the ceiling. I caught 
him in my arms as he came head-first down the ladder. 
The Japanese electrician looked up at me and said, “It 
happened in Japan.” 

To make a long story short, a fluorescent fixture 
ballast had shorted. The conduit supplying the fixture 
had a break in continuity and had not been grounded as 
required by article 250 of the code. Once the necessary 
repairs had been made, the intercommunications job 
was completed without further incident, but not with¬ 
out some trepidation on my part. 

There are several lessons to be learned from this 
incident The most important is, take the time to do the 
job right in the beginning. You may be setting a booby 
trap for someone who will work on the equipment in 
the future. Second, believe it if someone tells you a 
noncurrent-carrying part of an electrical system is hot. 
Test it before you touch it. 

Rules for Grounding Transformers 

In the case of a transformer guarded by a chain link 
fence, not only must the cover of the transformer be 
grounded, but also the fence itself. Figure 3—13 
illustrates this requirement. The grounding conductor 
must be of sufficient gauge to provide a return path for 
ground faults without burning out. The size of this 
conductor has been established in the NEC, Article 
250, based on the rating of the protective device 
upstream from the equipment 



Figure 3-13. Grounding requirements for a transformer 
guarded by a chain-link fence. 
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There are some genial requirements for the ground¬ 
ing of AC systems. These rules are divided according 
to the secondary and primary voltages of the trans¬ 
former. 

Transformers having secondary voltages of less 
than 50 volts must be grounded if the primary voltage 
is greater than 150 volts to ground, or when the 
transformer’s source voltage is ungrounded. Also, this 
system requires a ground if the conductor carrying a 
voltage of less than 50 volts is installed overhead 
outside the building. 

Figure 3-14 depicts the requirements for grounds of 
systems from 50 to 1000 volts AC (NEC 250-5b). The 
general rule is that circuits with voltages less than 150 
volts shall be grounded systems. In addition, in 277/ 
480 volts, three-phase, four-wire wye systems, where 
the neutral is used as a circuit conductor, the neutral 
must be grounded. Also, 240/120 volt single-phase, 
three-wire systems must have the neutral grounded. 
There are exceptions to these regulations. When in 
doubt, consult the appropriate code. 


Systems over 1 kilovolt need not be grounded, but 
it is permitted. When systems over 1 kilovolt supply 
portable equipment, they shall be grounded. 

Separately derived systems such as a transformer 
on each floor of a high rise building have the same 
grounding requirements as specified previously. Ex¬ 
ceptions to this rule would include electrical cranes 
operating over combustible fibers and the anesthetiz¬ 
ing locations such as the operating rooms of hospitals. 

Electrical Protection 

Transformers are designed for a particular voltage and 
a maximum kVA rating. When these values are ex¬ 
ceeded, the insulation quality of the transformer is 
reduced, and serious damage or destruction can occur. 
Both overvoltages and excessive currents attack the 
insulation quality of the device. Overvoltages often 
exceed the dielectric strength of the insulator and arc- 
over occurs. Excessive currents cause the temperature 
of the transformer to exceed its rating. These high 




(D) 1-phase, 2-wire. (E) I-phase, 3-wire. 


Figure 5-14. System grounds. 
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currents cause deterioration of the dielectric. There¬ 
fore, the transformer must be protected from both 
overvoltage and excessive currents. 

The most common causes of overvoltages is light¬ 
ning strikes and surges due to switching on the line. 
The conventional protective device used to alleviate 
this problem is the surge arrester. 

Arresters 

Arresters are normally installed before the high-volt¬ 
age bushings of the transformer. They must be attached 
to each hot line feeding the transformer. A separate 
device is needed for each line protected. The voltage 
rating of the arrester is usually selected based on the 
voltage present on the line. Its breakdown voltage is 
slightly higher than the rated voltage. When this volt¬ 
age is exceeded, the arrester shorts the excessively 
high voltage to ground preventing it from reaching the 
primary of the transformer. 

Wire gauge of the grounding conductor must be at 
least as large as the feeder, nor shall it be smaller than 
number 14 copper wire. The grounding conductor 
should be routed for the shortest possible path to 
ground. Article 280 of the NEC describes the require¬ 
ments for the installation of these devices. 

Arresters may also be of an ungrounded type. These 
are wired between the phases of the incoming line. 
They effectively short-circuit surges on the line and 
prevent the higher than normal voltages from being 
impressed across the primary of the transformer. 

Manufacturer’s recommendations should be fol¬ 
lowed when selecting and installing arresters. 

Some transformers come equipped with lightning 
arresters already installed. Some are connected di¬ 
rectly to the line, while others depend on an adjustable 
air gap for the high voltages to jump. These gaps have 
been set at the factory, but they should be checked. 
Figure 3-15 shows this arrangement 

The size of the gap is marked on the arrester. Feeler 
gauges are used to check and set the gap. These 
adjustments should be made before putting the trans¬ 
former in operation. Never attempt this adjustment 
when the transformer is hot 

Lightning arresters are designed so that the line 
current does not follow the overvoltage current to 
ground. This would be a considerable waste of power 
and would increase the outage upstream by taking out 
fuses and breakers. When the arrester is activated by 
high voltages, fibrous materials inside the arrester 
release a deionization gas, creating a nonconductive 



Figure 3-15. Transformer protected by lightning 
arrester. {Courtesy Westinghouse Corp.) 

gap, thereby forcing the line current through the lower 
impedance of the primary of the transformer. 

Another useful feature of the lightning arrester is' 
that it can do its job over and over without being 
replaced. Credit for the basic research and initial 
development on this device is given to Dr. Charles 
Steinmetz, the father of alternating current technol¬ 
ogy* 

Fuses and Breakers 

There are two classifications of overcurrents. The first 
is a condition where the transformer is delivering from 
one to six times its normal current rating. The current 
is confined to its normal circuit path, and a temperature 
rise takes place in the transformer. Protective devices 
must react within seconds to this condition, which is 
generally called an “overload.” 

The second condition that can exist which will 
cause overcurrents is when the circuit is operating 
under abnormal conditions. In this case, currents are 
no longer forced through the normal wiring channels to 
the loads. Under abnormal conditions currents may be 
hundreds of times the normal operating currents and 
may reach levels of 50,000 amperes or greater. Tre¬ 
mendous magnetic forces are generated that can 
completely destroy bus bars, switching gear, and other 
related electrical equipment, if not the building hous- 
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ing the electrical equipment itself. Electrical arcing 
and fires are common outcomes under abnormal con¬ 
ditions, with the possibility of toxic fumes and danger 
to property and human life. Protective devices must 
react in milliseconds to prevent the effects of short 
circuits. 

Protection against overcurrents is provided by fuses 
and circuit breakers. These devices are rated according 
to their voltage and current handling capabilities. 

The voltage rating of the protective devices must be 
at least as high as the voltage in the circuit it is to 
protect A fuse or circuit rated for a higher voltage 
breaker may be installed, but a lower rating must never 
be used. The voltage rating is based on dielectric 
strength, the size of the gap created when the device 
opens, and its ability to prevent arc-over. If the voltage 
rating is too low, the protective device may not clear 
the fault, thereby causing severe damage. 

Fuses and circuit breakers are also rated according 
to their ampacity. Generally, this protection should not 
exceed the current carry ing capacity of the circuit it is 
protecting. If the conductors of the circuit are rated at 
50 amperes, then the protective device should not be 
greater than 50 amperes. However, there are times 
when codes permit a higher rating than the full-load 
current of the circuit 

Even when the voltage ratings and recommended 
ampacity of circuit protection are scrupulously fol¬ 
lowed, this may not provide protection against a short 
circuit fault and the resulting destructive forces that 
may result. Fuses and circuit breakers are designed to 
withstand these tremendous currents without rupturing 
and causing further damage. It is important that they 
are selected based on their amperes interrupting capac¬ 
ity (AIC) rating which should be greater than the 
maximum current that can possibly be delivered by the 
source. The level of this current will differ at various 
points in the circuit. The further downstream from the 
source that the fault occurs, the smaller will be the fault 
current 

The lesson to be learned from this is that it is not 
sufficient to replace a 600 volt/100 ampere fuse with 
another600 volt/100 ampere fuse. This may not assure 
the integrity of the circuit under fault conditions. The 
AIC of the replacement fuse must be checked to see if 
it is as laige or greater than that of the defective fuse. 
To do otherwise would be very foolish, and may cause 
a fusebox to blow up in your face. This might be 
disastrous. Figure 3-16 shows two fuses rated at 200,000 
AIC that are manufactured by Bussman Division of 
McGraw-Edison Company. 



Figure 3-16. Fuses providing protection 
up to 200,000 AIC. 

(Courtesy Bussman Division, McGraw-Edison Co.) 


Transformer Protection 

To protect against overloads and short-circuit condi¬ 
tions, some transformers have a fuse cutout in the 
primary circuit. This fuse is installed after the light¬ 
ning arrester and before the primary windings inside 
the transformer. It is sensitive to heat rise in the 
transformer. Its primary purpose is to protect equip¬ 
ment upstream due to defects in the transformer, such 
as coil to core shorts or shorted windings. Figure 3-17 
shows how to identify the protective link. 

The secondary of the transformer is also protected 
by fuses or circuit breakers. Their primary puipose is to 
protect the transformer from overloads or shorts in the 
secondary circuit. Their size must be selected so that 
they will blow out or open before a temperature rise 
due to overloads and shorts can cause damage to the 
transformer. Yet, they must be large enough that they 
do not open under normal operating conditions which 
may place temporary overloads on the system. Such 
overloads occur regularly, for example, when large 
motors are started. Figure 3-18 depicts the circuit 
breaker and circuit 

CSP Transformers 

Many distribution transformers come equipped with 
all three of the devices listed above: surge arresters, 
primary fuse links, and secondary breakers. These 
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Figure 3-17. Internal protective link. (Courtesy Westinghouse Corp.) 
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Figure 3-18. Secondary of transformer protected by a circuit breaker. (Courtesy Westinghouse Corp.) 


transformers are known as “completely self-protected” 
(CSP) transformers. 

CSP transformers have a red signal light that comes 
on prior to the breaker opening on the transformer. This 


light warns of pending overload so that the conditions 
can be remedied prior to the secondary circuits being 
dropped from the system. There is a reset handle for the 
breaker on the exterior of the tank that allows the 
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breaker to be quickly reset. Figure 3-19 shows the 
handle and the warning light 



THE BREAKER IS RESET BY THE OPERATING RESET HANDLE 

Figure 3-19. Breaker reset handle and warning light. 

{Courtesy Westinghouse Corp.) 

These transformers also have reserve capacity that 
can be used in the event of continuous overloads. This 
reserve can be activated by recalibrating the circuit 
breaker. This is readily accomplished by breaking a 
seal on the circuit breaker reset handle and turning it to 
the higher current rating. This feature reduces the need 
for emergency changes of the transformer. However, 
once the handle has been set for the higher current 
rating, the transformer should be replaced within a few 
days with one of higher kVArating. Figure 3-20 illus¬ 
trates the reset and recalibration handle. 

Once the smaller transformer has been taken out of 
service, the circuit breaker is to be recalibrated for the 
proper current capacity before using it on another job. 
At the time of recalibration, the seal is replaced on the 
handle. 

Transformers that have been in service for long 
periods of time and are being replaced often fail at this 
point. The probable cause is the physical shock to the 
insulation when moving the transformer. The insula¬ 
tion, through use, may have deteriorated and become 
brittle. When the transformer is moved, the impact on 
the insulation causes it to break and flake resulting in 
shorts between windings and the core. Before putting 
a transformer back in service, it should be tested 
completely. 



Figure 3-20. Recalibrate circuit breaker for higher 
current. {Courtesy Westinghouse Corp.) 

Requirements for Transformer Protection 

Article 450 of the NEC provides the requirements for 
protecting transformers from overloads. The trans¬ 
formers are first separated into those handling voltages 
over 600 volts nominal, and those handling 600 volts 
nominal or less. The NEC Code divides transformers 
rated over 600 volts, into two main branches: those 
witli primary protection only and those with both 
primary and secondary protection. 

When only primary protection is provided, the 
maximum current rating of the fuse is 250% of the full¬ 
load current (FLA) of the primary. If this calculation 
does not equal a standard size fuse, the next larger size 
may be used. If a circuit breaker is used for protection, 
its maximum size is limited to 300% of FLA. When 
this value is not equal to a standard size circuit breaker, 
the next larger size may be used. Prior to the 1987 
NEC, the size of the circuit breaker would have been 
reduced to the next lower standard size. Figure 3-21 
depicts these conditions. The secondary of the trans¬ 
former must still be protected under these circum¬ 
stances by providing individual overload protection 
for the loads. 

For example, let us assume you are installing a 
1200/240-volt, single-phase, 100-kVA transformer. 
What size fuse or circuit breaker is permitted to protect 
the primary? 

TTie first step is to determine the primary current 

T kVA 100 X 1000 _ .. . 

V " 1200V 
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Figure 3-21. Primary protection only for circuit 
over 600 volts. 

Fuse size would equal 

250% X 83.3 = 208.25 A 
The next larger standard size fuse would be 
225 A 


having an impedance of 6% or less, the primary may be 
fused at a maximum of 300% of primary current. The 
secondary may have a maximum fuse size of 250% of 
the secondary current. If circuit breakers are used for 
protection, the primary device may be 600% of the 
current, and the secondary has a maximum value of 
300%. Figure 3-22 shows these requirements. 



Figure 3-22. Overcurrcnt protection for transformers 
over 600 volts having 6% or less impedance. 


Circuit breaker size would equal 

300% X 83.3 A =250 A 


A 250-ampere circuit breaker would be a standard 
size. In this example, the size would be the same as the 
calculation. If the value had not been a standard size, 
the circuit breaker ampacity may be increased to the 
next higher value. 

If the problem above was changed from a single¬ 
phase transformer to a three-phase circuit, the formula 
for calculating the current would change to 


j ^ 100 X 1000 
p 1200X 1.73 


= 48.17 A 


Required fuse size would be 250% X 48.15 = 120.4 
amperes, with the next larger standard size being 125 
amperes. Circuit breaker size would equal 300% X 
48.15 = 144.45 amperes with the next higher standard 
value being 150 amperes. 

When both primary and secondary protection is 
provided the transformer, the impedance of the trans¬ 
former is considered. With both the primary and secon¬ 
dary voltages over 600 volts, and the transformer 


If the transformer has an impedance greater than 
6% but equal to or less than 10%, the value of the 
multiple for the primary fuse remains at 300%. The 
secondary fuse, however, is reduced to 225%. If circuit 
breakers are used, both the multiple for the primary 
and secondary devices are reduced. The primary breaker 
shall not exceed 400% of primary current, and the 
secondary breaker shall not exceed 250% of the secon¬ 
dary current. Figure 3-23 illustrates these conditions. 

When secondary voltages are 600 volts or less, then 
the overcurrent device, fuse or circuit breaker, is set at 
a maximum 125% of the secondary currents, regard¬ 
less of the impedance. For supervised transformers, 
this value is increased to 250%. Primary protection 
remains the same as for unsupervised transformers. 
Where the conditions for secondary protection are 
met, or the transformer is thermal protected, primary 
protection is not required if the feeder is protected by 
a fuse or circuit breaker that does not exceed the 
percentages for primary protection (Figure 3-24). 

Transformers rated 600 volts nominal or less are 
divided into two main categories for overcurrent pro¬ 
tection. These are “Primary Protection Only” and 
“Primary and Secondary Protection.” 
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Figure 3-23. Overcurrent protection for transformers 
over 600 volts having an impedance between 
6% and 10%. 



PRIMARY OVERCURRENT 
PROTECTION DEVICE 


- —, ◄-TRANSFORMER 



SECONDARY OVER 
CURRENT PROTECTION 


Figure 3-24. Overcurrent protection for transformers 
with primary voltage over 600 volts and 
secondary voltage of 600 volts or less. 


Where only primary protection is provided, the 
general rule is that the fuse or circuit breaker shall not 
exceed 125%. This would be the optimum value using 
dual element fuses. 

Exceptions are made to this rule for two-wire sec¬ 
ondaries based on the amount of maximum primary 
current. These values are: less than 2 amperes; 2 
amperes but less than 9 amperes; and more than 9 
amperes. The flow chart in Figure 3-25 depicts these 
conditions. 

The maximum values set by the NEC may vary 
depending on the type of load the transformer is 
supplying. Those sections pertaining to overcurrent 
protection for the particular device should be checked. 
Loads supplied by the transformer must have overcur¬ 
rent protection when the secondary of the transformer 
is not protected. 

When both primary and secondary protection is 
provided for the transformer, the NEC again divides 
the requirements for the protective devices into two 
categories. These are for those transformers with and 
without thermal protection. 

In both cases, the optimum protection is to use dual¬ 
element fuses rated at 125% of full-load current. This 
block is not shown in Figures 3-26 through 3-28 where 
the maximum allowable values for the various condi¬ 
tions are given. The best and safest policy is to protect 
the transformer at the lowest possible rating at which 
proper operation of the different types of loads is 
obtained. Do not exceed the maximum values pro¬ 
vided by the code. 

Figure 3-26 shows the maximum allowable values 
under the NEC when both primary and secondary 
protection is provided for a transformer without ther¬ 
mal protection. Figures 3-27 and 3-28 provide the 
same values where thermal overload protection is part 
of the transformer design. Thermal-protected trans¬ 
formers are subdivided into those that have imped¬ 
ances of 6% or less and that have impedances greater 


OPTIMUM NEC 

PRIMARY CURRENT PROTECTION MAXIMUMS 



Figure 3-25. Requirements for transformer 600 volts nominal or less having primary protection only. 


64 
















iNSTALLAnON 


RATED 

SECONDARY 

CURRENT 


NEC MAXIMUMS 
% FLA % FLA 
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FtGURE 3-26. NEC maximum ratings for protective devices for transformers without thermal protection. 



Figure 3-27. NEC maximum ratings for protective devices for thermally protected transformers 

with impedances of 6% or less. 



Figure 3-28. NEC maximum ratings for protective devices for thermally protected transformers 
with impedances greater than 6% but less than 10%. 


than 6% but less than 10%. Each of these divisions is 
again divided into transformers having primary cur¬ 
rents of less than 9 amperes and those of 9 amperes or 
greater. 

Interrupting Capacity 

Besides determining the voltage and ampere rating of 
a fuse, it is also necessary that the interrupting capacity 
(AIC) is also calculated. As discussed previously, if the 
AIC is not large enough, shorts and ground fault 
currents can cause considerable damage. 


The impedance rating of the transformer, which is 
given as a percentage, is used to make this calculation. 
The following example demonstrates how this is done. 

Given a 50-kVA single-phase transformer with a 
240/120-volt secondary and an impedance of 1.7%, 
what value of interrupting capacity should the fuse 
have? 


Full-load current = 


kVA X 1000 
V 


50X1000 
- 240 


= 208.33 A 
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Interrupting capacity = 


FLA 

%Z 


X 100 


208.33 A 
1.7 


X 100 


= 12,255 A 

This would be the absolute maximum amount of 
current the transformer could deliver if the fault was 
directly at the output terminals of the transformer. The 
further downstream the fault occurred, the less current 
would flow. This is due to the impedance of the 
conductors and devices between the transformer and 
the fault. This value should always be considered when 
replacing or installing fuses. 

It is desirable when a fault occurs in a transformer 
or a load downstream that the malfunction does not 
cause the feeder systems upstream to also drop off the 
line. This generally can be accomplished by providing 
protection on a 2:1 ratio. For example, if the feeder is 
protected at 1200 amperes, the maximum fusing on 
each of its loads must not exceed 600 amperes. If the 
600-ampere circuit is supplying other loads, the maxi¬ 
mum fusing of those loads should be 300 amperes or 
less. These ratios may vary with different circum¬ 
stances. 


Cooling Systems 

All transformers must be equipped with some method 
for cooling. Heat decreases the transformer’s effi¬ 
ciency and reduces the unit’s life expectancy. Operat¬ 
ing the transformer below rated temperature allows for 
a greater kVA capacity to be delivered to the load. 

Dry-Type Transformers 

For dry-type transformers, no particular check is nec¬ 
essary if conditions for ventilation have been provided 
for the area in which the transformer is to be installed. 
In this event, the ventilation system of the room should 
be inspected to make sure it is operating properly. 
Transformer radiator vents should be clear of any 
obstructions that may prevent the heat from escaping. 

Forced Air 

If the cooling system consists of forced air for main¬ 
taining the temperature of the transformer, the motors 
should be checked for proper lubrication and opera¬ 
tion. These motors will often be conu-olled by thermo¬ 
stats which also need to be inspected and tested to 
determine if the motors operate within the preset 
temperature ranges. Manufacturers’ specifications are 


to be followed for making these tests. When located in 
closed vaults, means should be provided to exchange 
the air in the vaults. 

Water-Cooled Systems 

Water-cooled systems must be tested for leaks and 
proper operation. To make these tests, the cooling coils 
should be removed from the transformer if water is to 
be used to provide the pressure. Care must be taken not 
to damage the coils when removing or replacing them. 
If the coils are to be checked in the transformer, air or 
the type of coolant oil used by the transformer can be 
used to make the pressure checks. 

If the coils are removed from the transformer, the 
total water cooling system can be checked. The coils 
are filled with water under pressure of 80 to 100 psi and 
they are checked for leaks. The coils remain under 
pressure for at least 1 hour to assure that no leaks will 
develop. A drop in pressure would indicate a leak. 

This time is well spent. As mentioned before, a very 
small amount of moisture, 0.06%, will reduce the 
dielectric strength of the oil by 50%. Moisture content 
beyond this point does not cause the dielectric strength 
of the oil to deteriorate much more. 

Associated equipment with the water-cooled sys¬ 
tem also needs to be checked, including the water 
pump, pressure gauges, temperature gauges, and alarm 
system. In addition, make sure you have a water source 
with an adequate flow and pressure. 

Liquid Coolants 

Oil coolants are specially prepared and dehydrated. 
They are processed to be free of acids, alkali, and 
sulfur. To ensure good circulation, they have a low 
viscosity. 

Need for Dielectric Testing 

When a liquid coolant is used, its dielectric strength 
must be tested. An oil-cooled transformer should never 
be placed in service without this test 

This writer is aware of one disastrous incident 
where this test was neglected on a very large trans¬ 
former which required two railroad flatcars to deliver 
it to an ammunition factory in central Illinois. When 
the transformer was energized, not only was the trans¬ 
former destroyed, but also a part of the factory went 
with it. 

Cautions 

Exposed areas of the body must be protected when 
working with askarel. Askarel may cause severe irrita- 
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tion of the skin, especially of the lips, nose, and eyes. 
A coating of cold cream can help prevent injury to 
these areas. Eye protection is essential. In case askarel 
comes in contact with the skin, the affected area should 
be thoroughly washed with soap and water. 

Older types of askarel contain PCBs that have 
proven to be cancer causing. Therefore, contact with 
these materials and breathing vapors they produce 
should be avoided. When a transformer is operated at 
80°C or above, these vapors may be emitted. 

Taking Oil Samples 

When putting oil in a transformer or removing samples 
for testing, care should be taken not to introduce 
impurities. The proper results of the dielectric tests are 
dependent on how clean the sampling and test equip¬ 
ment is maintained. 

Canning jars with two-piece lids are good for col¬ 
lecting the sample. Glass jars allow you to inspect the 
liquid, and if a high content of water is present, it can 
be seen. 

The jars should be thoroughly cleaned with an oil¬ 
disolving solvent and washed in a strong detergent and 
water. Following this, they are dried in an oven for 
several hours at 230°F. The jars should be stored open 
to prevent condensation in a dust-free environment 
which is maintained around 100®F. A small, closed 
cabinet with a 60-watt light bulb burning inside it will 
maintain this requirement. 

If the oil is stored in drums, allow at least 8 hours to 
lapse after the drums have been moved and before a 
sample is taken. This time permits the oil to settle. In 
the case of a large oil-filled transformer, several days 
may be required after the coolant is added. This is 
especially true if the oil is cold, 

A “thief,” a long glass or brass tube, is used to 
remove the oil for testing. The thief should have the 
same cleaning, drying, and storing procedures per¬ 
formed on it as the jars. A rubber hose must never be 
used to obtain the sample. Rubber has sulfur in it, and 
this element will attack the copper windings of the 
transformer. 

Mineral oil samples are taken from the bottom of a 
drum, and askarel samples taken from the top. When 
taking oil from a transformer with a drain valve, allow 
the oil to run out for a few seconds before taking the 
sample. This will clean out any sludge or water in the 
valve. Rinse the container several times with the oil 
from the transformer and drain it from the jar before 
taking the sample for testing. 


Approximately 1 pint to 1 quart ofoil will be needed 
for the test. Leave room for the sample to expand. 
Mark the source of each sample on the bottle and 
whether it came from the bottom or the top of the drum 
or transformer. 

Dielectric Testing 

Even though water is not visible in the sample, mois¬ 
ture may still be suspended in the oil. The sample 
should be tested for its dielectric strength. A test 
receptacle similar to that shown in Figure 3-2 must be 
used in order to obtain accurate results based on the 
established standard. The receptacle requires the same 
cleanliness as the sample bottle and the thief. Standard 
procedure after cleaning is to use the oil in the sample 
to wash out the receptacle before using more oil for the 
test. 

Tests on the oil are conducted at room temperature. 
Agitate the oil in the sample each time before pouring 
it into the receptacle. This will help to prevent any 
variations in test results. Be sure that the oil covers the 
1-inch electrodes. To eliminate air bubbles in the oil, 
rock the receptacle gently. This should be done prior to 
applying the voltage. 

A standard oil dielectric test set is needed. Voltage 
is applied in increasing amounts at 3 kilovolts per 
second. Each sample of mineral oil is tested for not 
more than five breakdowns. Allow approximately 1 
minute after each breakdown before resuming testing. 
This process is usually repeated on three samples for a 
total of 15 breakdowns. Tests must be repeated if the 
results are not consistent. If the average breakdown 
voltage is less than 20 kilovolts, the oil will need to be 
filtered until a minimum average breakdown of 25 
kilovolts is achieved. 

When testing askarel, only one breakdown per 
sample is permitted. An average of three samples is the 
normal procedure, but the tests should be repeated if 
the results are not consistent. If the askarel tests less 
than 25 kilovolts, it is to be filtered until 30 kilovolts or 
greater is achieved. 

The above recommendations are general in nature, 
and compliance with the operating instructions for the 
particular tester used in testing must be followed to 
obtain reliable results. Also the dielectric strength of 
each type of coolant may be slightly different, and 
manufacturer’s specifications as to the minimum die¬ 
lectric strength acceptable should be used for the tests. 

When oil is removed from a transformer for testing, 
it must be replaced. A good way of doing this, and at 
the same time assuring that a clean bottle is used to 
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collect the sample, is to obtain samples of the oil from 
the supplier. Pour the sample oil into the transformer 
just prior to refilling the jar with oil from the trans¬ 
former. 

Filling IVansformer with Coolant 

Prior to filling the transformer with the coolant, the 
inside of the tank of the transformer must be checked 
for cleanliness and lack of moisture. If the inside shows 
signs of condensation, dry it. These conditions would 
become evident when electrical testing is performed 
on the transformer prior to putting it into operation, but 
there is no reason to compound the problem and 
increase the amount of time to get the transformer on 
line. 

It is good practice to filter the oil when filling a 
transformer prior to putting it into service. If a filter 
press is available, use it. If not, the oil can be strained 
through cheesecloth. 

Large transformers that have pressure release valves 
are filled through the drain valve. This helps prevent 
air mixing with the oil and causing the relief dia¬ 
phragm to rupture as pressure builds during the filling 
process. Reducing the rate of fill when the transformer 
is near full also helps avoid this problem. 

After the oil has had adequate time to settle, which 
may be 12 hours or more for a large transformer, check 
the level gauge to determine if the proper amount of oil 
is present. Do not overfill. At this time, conduct 
another series of tests on the dielectric strength of the 
oil. 

Problems with Coolants 

Oxidation of the coolant is another problem encoun¬ 
tered with oil and askarel-filled transformers. Oxida¬ 
tion causes the buildup of sludge inside the transformer 
and results in reduction in the insulation quality of the 
coolant 

On very high-voltage transformers, a closed system 
has been developed. Air is driven out of the trans¬ 
former and replaced by an inert gas, normally nitrogen. 
This prevents the discoloration of the coolant and stops 
oxidation. 

Electrical Testing 

Many possible tests may be conducted on a trans¬ 
former when it is manufactured, before it is put in 
service, during the initial start-up, and after it has been 
in operation for various periods of time. Before per¬ 
forming any electrical tests, be familiar with the 


manufacturer’s recommendations and the proper op¬ 
eration of the test equipment you will use. Interpreta¬ 
tion of various measurements may require special 
training and may be the responsibility of a group other 
than the electricians making the installation. Know the 
specifications of the job. 

Hipot (High-Potential) Testing 

Before the transformer is filled with coolant, and after 
it has been filled, measure the resistance between 
windings and the resistance between windings and 
ground. Tests before and after adding oil to the trans¬ 
former are necessary to insure safe operation. 

Either an AC or DC high-resistance tester (megger) 
can be used for this purpose. However, some authori¬ 
ties believe that DC testers should not be used when the 
transformer is filled with coolant. Direct current test¬ 
ers will polarize particles in the liquid, thereby lower¬ 
ing its insulation quality. The megohmmeter usually 
provides a standard 500 volts for testing, but such 
devices are available ranging from 50 to 2500 volts. 

Insulation resistance is not directly related to the 
dielectric strength of a material. Any material will 
conduct if enough potential is applied to it. The results 
from these instruments will not tell if the insulation is 
going to break down when higher potentials are ap¬ 
plied. The insulation test will, however, indicate if it is 
feasible to make a high-voltage dielectric strength test. 
If the resistance of the insulation is below the required 
value, high-voltage tests would not be attempted until 
corrective action is taken. 

A resistance test before the transformer is filled 
with coolant can determine if moisture is present in the 
coils. This test may be misleading because at low 
temperature the resistance may be very high and 
within tolerance. However, at operating temperature, 
the transformer may not meet the insulation levels 
required for safe operation. Insulation resistance will 
be reduced by one-half for each increase in tempera¬ 
ture of 10°C. If the resistance of the insulation was 100 
megohms at 20°C, it would be 50 megohms at 30®C, 
and 25 megohms at 40°C. 

Allis-Chalmers Manufacturing Company recom¬ 
mends that the minimum resistance in megohms to 
ground of each winding at 85®C in air and at 40°C in the 
coolant be equal to at least that calculated by the 
following formula: 
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Using a 100 kVA transformer rated at 2.4 kilovolts, 60 
Hz as an example, the recommendation would be 
approximately 55 megohms. 

, ^ 2.4 X 30 72 72 « 

R (megohms) 55.8 

To make the insulation resistance test, all windings 
should be grounded except the winding being tested 
(Figure 3-29). Each winding on the transformer should 
be tested in this manner. 



Figure 3-29. Resistance insulation to ground test. 



Figure 3-30. Resistance of insulation between coils. 


After conducting the ground test, insulation be¬ 
tween windings are tested. Figure 3-30 illustrates this 
test. Conduct tests on all possible combinations. The 
coils not being tested are grounded. 


Short-Circuit Test 

If the transformer passes the insulation test at room 
temperature, it may not do so at a higher temperature. 
In order to raise the temperature of the transformer to 
its operating value, a short-circuit test may be per¬ 
formed. Figure 3-31 shows the circuit for this test. This 
test can also prove the proper transfer of power from 
primary to secondary. 



Figure 3-31. Short-circuit test. 


The secondaries of the transformer are shorted 
when conducting this test. A controlled voltage from 
3% to 15% of rated voltage at the specified frequency 
is applied to the primary windings. This voltage is 
carefully adjusted until the rated primary current is 
indicated on the ammeter. The ammeter across the 
secondary is for all practical purpose a short circuit due 
to its very low resistance. 

The ratio of the currents will be the inverse of the 
turns ratio of the transformer. If the transformer is rated 
2400/240 volts and the primary current meter indicates 
3 amperes, then the secondary short circuit meter 
would indicate approximately 30 amperes. 

This test can be run in the reverse direction with 
voltage applied to the secondary windings with the 
primary windings shorted. Caution needs to be exer¬ 
cised because the primary voltage in this example will 
be ten times the voltage applied to the secondary, due 
to the turns ratio. 

Results should be the same in either direction. 
When these tests under the above circumstances are 
conducted on the transformer without coolant, the 
voltage must be reduced immediately after taking the 
readings to prevent a temperature rise above the rating 
of the transformer. 

The voltage is then adjusted to a level that will 
maintain the recommended operating temperature of 
the transformer. This is approximately in the range of 
20% of the full-load current Only 0.5% to 1.5% of 
normal voltage at the rated frequency is necessary. 
Power is applied to the end terminals of the coils and 
not to tap connections so that current passes through all 
of the turns. 
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Several thermometers are placed in and around the 
transformer coils and near the top. As many as possible 
of the thermometers should be located so that they can 
be read without moving them. They must be guarded 
against air currents which may cause lower values than 
that of the transformer coil. 

It cannot be stressed enough that temperatures must 
not exceed 85°C under any circumstance. Above this 
value, the insulation will begin to break down, and 
permanent damage can be caused. 

As the temperature rises, the process is stopped at 
regular intervals, and the high-resistance tests are run 
on the transformer. Power must be removed during 
testing. The results of the tests for each temperature are 
recorded. 

Drying Out the Transformer 

Resistance levels will decrease with the increase in 
temperature. If the ohmic values fall below the recom¬ 
mended levels for the transformer, it is necessary to dry 
out the transformer. This can be accomplished by 
continuing to use the short-circuit method to heat the 
transformer. Temperatures should be maintained be¬ 
tween 75 and Drying will continue until the 
transformer meets the specifications for the insulation 
resistance. Frequent temperature checks are taken 
during heating with resistance measurements made at 
4-hour intervals. The transformer must not be left 
unattended while it is drying. 

This process of drying out the transformer is very 
slow and may take several weeks to accomplish. To 
accelerate the drying, external heat may be applied to 
the transformer. The transformer should be enclosed 
with adequate ventilation to take off the moisture. Heat 
is applied at the bottom of the enclosure and allowed to 
rise. Temperature of the air entering the enclosure must 
not be allowed to rise above 85 to 90®C. 

It is recommended that electric heat be the source 
for this process. Using combustible material will make 
it difficult to control the temperature and gases may 
cause further contamination of the transformer. 

If the transformer has already been filled with oil 
when it fails the insulation test, the same processes for 
drying can be used. Oil tempa*ature at the top of the 
tank must not exceed manufacturer’s specifications. 
The range should be between 75 and 85°C. 

The standard dielectric strength test on the oil is 
performed at 4-hour intervals. Samples for testing are 
taken from the top and the bottom of the tank. The oil 
must test 22 kilovolts or higher on seven consecutive 
tries before drying is discontinued. Values lower than 


this would indicate that moisture is still being trans¬ 
ferred from the transformer into the coolant, and the 
drying process would be continued. 

High-Voltage Dielectric Test 

Once the transformer has passed the insulation test, it 
is possible to conduct a high-voltage dielectric test of 
the system. This test determines the ability of the 
transformer to withstand abnormal conditions such as 
voltage surges and switching transients. Such a test 
also detects the presence of faulty insulators and bush¬ 
ings. Surge protectors are disconnected during the test. 

Dielectric testing can be either destructive or non¬ 
destructive. In the case of the transforms, nondestructive 
testing is used. This is accomplished by increasing the 
voltage at a fixed rate to a value just below the 
breakdown value of the transformer. The normal rate 
of increase is on the order of 3000 volts per second. 
This may vary with the type of test instrument used and 
the technician needs to be skilled to make this meas¬ 
urement. Mistakes with this test can cause permanent 
damage to the transformer. 

If the transformer fails the high-potential test, obvi¬ 
ous causes need to be examined before rejecting the 
transformer. Examine the insulators and clean them 
with an electrical solvent. Replace any broken insula¬ 
tors or damaged seals. 

The transformer was tested at the factory, so some 
damage has occurred since then. If the transformer 
comes assembled, there is little chance that the insula¬ 
tion on the coils has been damaged unless someone has 
dropped an object on them in preparation of putting the 
device into service. Be sure that the surge arresters 
have been removed from the circuit during testing. 
Don’t forget to reconnect them after testing. 

In the great majority of cases, if a new transformer 
passes the insulation resistance test, it will also pass the 
high-potential test. Various authorities differ on how 
often to lest for high-voltage breakdown. Some say it 
is safe to repeat the tests if properly performed as many 
times as necessary. Others believe that the test should 
be performed only at prescribed times, and that these 
should be limited. In any event, the test should not be 
repeated continuously without allowing time for the 
dielectric to depolarize after being stressed. 

Voltage and Loss Tests 

The transformer may also be tested for its rated voltage 
regulation and losses. This can be performed using the 
open-circuit test. See Figure 3-32 for the schematic 
diagram of the test set-up. 
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Figure 3-32. Open-circuit test. 

This test may be run on either the primary or the 
secondary circuit. Available voltage usually deter¬ 
mines which is used. With rated voltage at the speci¬ 
fied frequency applied to the primary as shown in 
Figure 3-32, current of less than 10% of maximum will 
flow. The wattmeter will indicate a wattage in the order 
of 1 % to 1.5% of the rated kVA. Because no power is 
being used by the secondary, open circuit, this wattage 
represents the inherent losses of a transformer as 
described in Chapter 1. 

Wiring and Putting 
the IVansformer in Service 

After conducting the prewiring tests with satisfactory 
results, you are ready to begin connecting the trans¬ 
former according to the specifications of the job. The 
neutrals and grounds for the system are installed first. 

Preparing to Wire 

Use the nameplate as your primary guide in wiring the 
transformer along with the explanations provided you 
in Chapter 2 of this text. Check the source voltage to 
determine if it is the value specified for the trans¬ 
former. If the source is slightly high or low, the tap of 
the transformer should be set to accommodate the 
deviation. 

The general rule for the type of wiring connection 
remains that if the line voltage is equal to the voltage 
rating of the windings, the windings will be connected 
delta. If the line voltage is 1.73 times the voltage 
ratings of the windings, the transformer will be con¬ 
nected wye. Where dual windings are involved, a 
determination will need to be made if they are to be put 
in a parallel or series configuration. 

Testing Delta Systems 

When in doubt, some additional electrical tests may be 
made prior to final wiring of the transformer or before 
putting it on line. In the case of a delta wired secondary, 
a voltmeter, lamp, or piece of fuse wire can be con¬ 


nected across the final junction before connecting 
them together. Figure 3-33 illustrates this test 




Figure 3-33. Testing delta wiring. 

Apply power to the primary. If the meter reads ap¬ 
proximately twice the secondary winding voltage, the 
lamp burns brightly, or the fuse blows, one of the 
secondary windings has been reversed. Connecting the 
junction will cause a short circuit under these condi¬ 
tions. 

To correct the situation, the connections on one of 
the windings is reversed and the test repeated. Con¬ 
tinue reversing the windings one at a time until zero 
potential exists between the open terminals. 

After making the connection, measure the voltage(s) 
^ross the output terminals to determine if the voltage(s) 
is equal to that required by the load. If not, either the 
connections in the primary circuit or the secondary 
circuit can be at fault and should be corrected before 
the transforms is put on line. Review Chapter 2 
regarding transformer connections if the need arises. 
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Testing for Phase and 
Paralleled Transformers 

If the transformer is going to be connected to a secon¬ 
dary main to which power has already been applied, 
certain precautions need to be taken. Because the 
transformer may be energized from either the primary 
or the secondary, feedback voltage may be present. 
Protective clothing should be worn when making the 
connections. Rubber gloves tested to withstand the 
available voltages are a must 

Be sure that the voltage present on the main and the 
transformer voltage are the same. For a two-wire 
system, connect one lead of the secondary to one line 
of the main. Energize the transformer and test for 
voltage between the other secondary lead and the other 
line before making a connection. A fuse, voltmeter, or 
test lamp may be used. If a lamp is used, test it before 
using. If the fuse blows, the meter indicates voltage, or 
if the lamp lights, the two leads to the main will have 
to be interchanged. Otherwise a short circuit will 
result Figure 3-34 illustrates this test 
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Figure 3-34. Testing before connecting transformer 
to live secondary mains. 

This same test can be used when paralleling trans¬ 
formers. As in the previous example, the voltage 
between the lines to be connected must read zero or 
nearly zero volts before they are connected. Other¬ 
wise, the leads will need to be interchanged. 

In the case of a three-phase transformer, proper 
phasing can be determined also using the above method. 
If the phases are the same, the voltage between the 
secondary lead and the line will be zero. 

Start-Up 

It is always good practice to energize the primary of a 
transformer without load on the secondary. If possible, 
this voltage should be brought up slowly so that any 
defects can be detected before full-voltage is applied. 


and thus perhaps prevent damage to the transformer in 
case a defect is present 

After the rated voltage is applied, the transformer is 
to be observed for several minutes before applying the 
load. If possible, the load should be divided, and each 
part applied one at a time while allowing adequate 
time after each increase to detect any abnormal condi¬ 
tions. When approximately 75% of the total load is 
being carried by the transformer, it should be operated 
several hours under these conditions. Temperature 
checks should be made frequently. 

If the transformer appears to be operating normally 
under these conditions, full-load can be applied, and 
the transformer brought up to normal operating tem¬ 
perature. After operating under these conditions for 
several hours, in the case of oil-filled transformers, 
samples should be taken from the bottom and top of the 
tank and its dielectric strength tested. This is to ensure 
that the transformer has thoroughly diied out and is no 
longer giving off moisture. 

Once the transformer is in operation at full load for 
several days, and all tests have proven good, no furdier 
testing is required. Provided loading does not increase 
beyond the capacity of the transformer, and environ¬ 
mental conditions do not deteriorate substantially, the 
device will operate year in and out with only periodic 
inspection and maintenance. 

Questions 

1. What should be done when a transformer is 
received at the worksite for installation? 

2. How would you know if an oil-filled trans¬ 
former is properly filled? 

3. If a transformer has a leak above the oil 
level, how can it be located? 

4. Why should transformers not be overfilled 
with coolant? 

5. What percent of moisture content in the 
coolant will reduce its dielectric strength by 
50%? 

6. Explain how moisture can be removed from 
the coolant without removing the oil from 
the transformer. 

7. What type coolant does the outdoor type of 
transformer use? 

8. Askarels, which are synthetic coolants, may 

be the cause of_, and they 

contain the chemical_which is known 

to cause cancer. 
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9. It is customary for the manufacturer to ship 
the transformer with its windings connected 
for the_voltage rating. 

10. What is the minimum height for the live 
parts of a transformer that is guarded by ele¬ 
vation? 

11. What are the requirements for a chain link 
fence provided as a guard around a trans¬ 
former? 

12. How must a transformer rated over 600 volts 
be guarded when installed indoors? 

13. What is the minimum height of the sill of a 
vault which contains an oil-filled trans¬ 
former? 

14. May fire protection be provided by a water 
sprinkler system in a transformer vault? 

15. Define an adequate ventilation system. 

16. A noise level meter reads 65 decibels before 
the installation is modified and the level of 
noise is reduced by one-half. What is the new 
meter reading? 

17. State the first rule in reducing the noise level 
of a transformer in a new installation. 

18. Define ground; grounding conductor; 
bonding. 

19. List the two primary purposes of grounding 
electrical equipment. 

20. What two electrical conditions will quickly 
attack the insulation quality of a transformer? 


21. How are transformers protected from large 
voltage spikes on the power line? Overcur- 
rents? 

22. Overcurrents have two classifications. Define 
them. 

23. How are fuses and breakers rated? 

24. How can an electrician determine if a fuse 
has opened due to an overload or a short 
circuit? 

25. Define what is meant by a CSP transformer. 

26. A 200 kVA/2400 volt transformer has 
primary protection only. What size fuse or 
breaker would you select? 

27. In a commercial structure, what is the first 
choice for establishing a ground for the 
system? 

28. The red pilot light on a CSP transformer 

indicates that the transformer is_. 

29. List the electrical factors taken into consid¬ 
eration by the NEC in prescribing the sizes 
of fuses and breakers for a transformer. 

30. Name the type of instrument used to measure 
the insulation resistance of a transformer. 

31. A 500 kVA/4800 volt/480 volt, three-phase 
transformer with an impedance of 3% will 
deliver how much current under a short- 
circuit condition? 

32. How much voltage would be applied to the 
primary of a transformer when a short-circuit 
test is run on it? 
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Maintenance, TVoubleshooting, 

and Repair 


Anyone who has owned a home or worked in business 
or industry realizes that maintenance is a fact of life. 
My father-in-law, while he lived with us, had a policy 
of fixing one item each day. He said that in this way, 
365 things would be in working order during the year 
and would not have to be thrown away. This added 
spice to his life and made our home a more efficient 
and cost effective operation. Unfortunately, since his 
death, this policy has not been continued, with ensuing 
emergency repairs, inconveniences, interrupted work 
schedules, and increased costs. 

If this is true of an individual’s home, it is even more 
important that these functions be a part of every 
business and industry where neglect of the mainte¬ 
nance and repair functions can cost thousands of 
dollars. They may be performed by the owner or the 
boss, or there may be an entire department for opera¬ 
tions and maintenance for a large plant, building, or 
institution. These departments include all the services 
necessary for the continued operation of the facility. 
Among these are the major trades which include car¬ 
penters, plumbers, and electricians. 

Preventive Maintenance Program 

When an institution, business, or plant facility is of 
sufficient size to warrant the employment of a repair 
crew, management often finds that people are just 
sitting and waiting until something happens. Repair 
crews are inherently inefficient, and yet they are a 
necessary cost factor in the operation of any enterprise. 


To overcome some of these deficiencies, it makes 
good sense to initiate a routine maintenance program. 
Not only will this more fully occupy the time of the 
repair crew, it will more than likely make them better 
and happier workers. Idle time on the job is difficult for 
most people. In addition, routine maintenance in most 
cases will extend the life of the equipment and head off 
outages and down-time before they occur. This, in 
turn, will change the repair crew into a money savings 
operation rather than increasing the cost of doing 
business. The adage, ‘Tf it isn’t broken, don’t fix it,” 
does not hold true when it comes to preventive main¬ 
tenance. 

Institutional Maintenance Program 

For example, at the University of Illinois, Champaign, 
there are approximately 100 engineers, technicians, 
mechanics, and helpers in the Electrical Section of the 
O & M Division. Forty-five members of this group are 
assigned to the Construction and the Electrician Main¬ 
tenance Shop. They work on every electrical item from 
high-voltage power generation down to changing the 
light bulbs in 200 major buildings on the campus. Their 
objective is to provide and maintain a comfortable 
working and learning environment for the 6000 em¬ 
ployees and 35,000 students of the university, which in 
itself constitutes a small city. 

The 119-year-old university has over 300 distribu¬ 
tion transformers, 5100 air conditioners, 10,000 elec¬ 
trical motors, and 372,000 light fixtures to maintain 
and keep in operation. Some of these items were 


75 




transformers 4 


installed as long ago as 1939 and are still in operation. 
As the equipment becomes older, it requires more 
maintenance than when it was first installed. 

Although the Construction and Maintenance Shop 
is always involved with new facilities, there is flexibil¬ 
ity, and the maintenance of existing equipment is 
scheduled on a regular basis. When the preventive 
maintenance program was first established, it was 
planned on a 1-year rotation basis. Every piece of 
electrical equipment was scheduled. Management found 
that all equipment could not be checked in this period, 
so the time was extended to 18 months rotation. 

A daily log book is keep by the supervisor of this 
department. Each piece of equipment has its own file 
sheet which shows the maintenance work performed. 
The date when the work was done is recorded. The file 
sheets are kept updated from the work orders which are 
used to assign the daily work schedule of the electri¬ 
cian. 

Transformer Maintenance 

Records for the maintenance on a transformer begin 
when the transformer is installed. Data concerning the 
operation of the device should be recorded when the 
transformer is put on-line and operating normally. This 
would include the voltages present, the kVA delivered 
to the load, and the appropriate temperature readings 
for the type of cooling system associated with the 
device. Other information may also be included such 
as **hipot” (high-potential) tests of the transformer and 
the conductors, along with any dielectric strength tests 
performed. 

This information serves as a basis for comparing 
data collected during routine maintenance and for 
determining changes in conditions that may lead to the 
damage of the transformer. It is also useful for trou¬ 
bleshooting the system when faults occur. 

There is normally space on the form to make 
notations about the work performed on the trans¬ 
former. Materials used can recorded in this area. It 
is also useful to note any changes in the environment or 
increasing loads on the transformer. 

Another factor that may be part of the maintenance 
record is cost. The original installation cost may be 
included on this sheet with a running record of labor 
and material costs to keep the device in operation. This 
information is useful to the accounting and purchasing 
departments of the company in comparing different 
devices from various manufacturers. Long-range econo¬ 
mies can be realized from these records. Figure 4-1 
shows a suggested maintenance information sheet 


Need for lyansformer Maintenance 

Transformers properly selected for the loads usually 
operate for years without giving any trouble or needing 
to be replaced. Because of this, and because they have 
no moving parts, it might be construed to mean that 
they never have to be given attention until they fail. 

This is not the case. Many of the factors that were 
acceptable when the transformer was installed can 
change drastically over the years. Any of these changes 
that cause moisture to be introduced into the trans¬ 
former or result in the rise of temperatures to unaccept¬ 
able levels need to be corrected before any damage can 
occur. Transformers that are operated in areas where 
corrosive atmospheres and electrically conductive dusts 
are present need frequent inspections. Moisture, tem¬ 
perature, and detrimental environments are the pri¬ 
mary enemies that can destroy a transformer. 

Even dry-type transformers that are hermetically 
sealed may need frequent inspections. Let us take the 
case of three transformers rated at 500 kVA with a 
primary voltage of600 volts and secondary voltages of 
240/120volts. These transformers provided power and 
lighting in a plant where metallic dust and shavings 
were present. The system failed within a year. Failure 
occurred during peak production time idling 70 work¬ 
ers for several hours. 

Figure 4-2 illustrates the arc paths between the 
terminals of the transformer that failed. The dust had 
accumulated over the several months after the trans¬ 
formers had been put into service. Arcing had occurred 
many times in this period, clearing the fault before a 
good conductive path was established across the 240- 
volt secondary terminals, effectively shorting out the 
transformer. 

When a company keqps good records of failures 
like the one described above, they provide a guide to 
how frequent maintenance should be scheduled. In this 
case, routine maintenance was scheduled on a bi¬ 
weekly basis, and later adjusted to once a month. A 
shield was also installed to prevent metal shavings 
from falling onto the terminal board. 

Transformer manufacturers provide guidelines to 
begin a preventive maintenance program for the vari¬ 
ous types they sell. These guidelines should be fol¬ 
lowed in the beginning of a new program where 
records of failures have not been kept. Once experi¬ 
ence has been gained for your particular situation, 
these time intervals can be increased or decreased 
depending on the particular circumstances und^ which 
the transformers are operated. Usually the frequency 
of inspection and maintenance is going to depend on 
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Figure 4-1. Transformer maintenance, repair, and replacement form. 


INSTALLATION, MAINTENANCE, REPAIR, AND REPLACEMENT FORM FOR TRANSFORMERS 


TYPE; MODEL NO: SERIAL NO; MFGR: PURCHASED FROM; P.O. NO: COST: DATE: 


KVA; PRI. VOLTS: SEC. VOLTS: HERTZ: PHASE: TEMP.RISE: IMPEDANCE: COOLANT: WEIGHT SIZE: 


INSTALLATION INFORMATION 


NOTATIONS MAINTENANCE RECORD 

DATE: 

DATE: 

DATE LABOR MATERIALS 






COSTS 






MATERIALS: 






LABOR: 






TRANSPORATION: 






MISCELLANEOUS: 






TOTAL COST: 












TEST DATA 






PRIMARY VOLTS; 






SECONDARY VOLTS: 






KVA OF LOAD: 






AMB. TEMP: 






TEMP. RISE; 






INSULATION TEST: 

(RESISTANCE TO GND.) 

WINDINGS 

PRIMARY: 





















SECONDARY; 






CONDUCTORS: 

PRIMARY: 











SECONDARY: 






DIELECTRIC TEST 

OIL: 











TRANSFORMER: 












DATE TAKEN OUT OF 











ofcnVIUt. 

LOCATION: 
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AREAS WHERE SHORTS HAVE OCCURRED BUT BURNED OUT 



Figure 4-2. Arc paths on transformer terminals. 


how critical it is to maintain service and the environ¬ 
ment in which the transformer must operate. 

Inspection and Maintenance 

A good transformer maintenance program begins with 
a thorough inspection of the transformer. Operations 
that have many transformers to maintain will have 
checklists for the particular transformer scheduled for 
maintenance. The work order or job ticket may have 
this information on it. 

Sensory Inspection 

Do not limit the number of senses you use when 
performing this function. The tendency of many people 
is to use only the sense of sight, and this can cause you 
to miss many problems. 

Noise and vibration can be detected by listening to 
the device and by touching it. If these levels have 
increased, it can indicate future problems with the 
system. Hardware may have loosened and needs to be 
tightened. A heavier load may have been put on the 
system which may account for the problems. In any 
event, do not ignore these clues; the cause needs to be 
investigated and corrected. 

The sense of smell is a good means of detecting 
burned insulation and arcing. High-voltage arcing will 
cause ozone to form, which also can be detected by the 
taste buds. Smells and tastes are difficult to describe, 
and therefore, it will be left to the individual to gain the 
necessary experience in order to use these senses to 
identify various electrical problems. 


Dry-iype TVansformers 

Dry-type transformers and small distribution trans¬ 
formers need far less attention than large power trans¬ 
formers or those that have special provisions for cool¬ 
ing or moisture prevention measures using inert gases. 
Inspections normally would occur once a year or even 
longer. They would, however, be sobject to more 
frequent maintenance when continuity of service was 
critical, or where they are operated under adverse 
conditions. 

The exterior of the transformer is examined for any 
rust or corrosion. Any deterioration of the transformer 
finish should be sanded and repainted. This may re¬ 
quire taking the transformer out of service. 

When inspecting the exterior of the transformer, 
particular attention should be given to the condition of 
the conductors, connectors, and the high- and low- 
voltage bushings. Look for signs of discoloration where 
an arc may have occurred. Check for broken insulators 
or cracks and frayed insulation on the conductors. 
Damaged conductors are most often found around the 
pothead or where they are attached to the transformer. 

Electrical connections may have loosened and will 
need to be tightened. Loose connections cause hot 
spots due to the increased resistance and may cause the 
connector and insulation to break down under electri¬ 
cal stress. 

Lightning strikes and line surges may have caused 
damage around the bushings or pothead. The surge 
arrester needs to be examined for any obvious damage 
and proper gap. Vibration may have caused it to 
loosen. 

All gaskets on the bushings, hand hole, and cover 
are to be examined for any deterioration. These will 
need to be replaced if they are not in good condition. In 
most cases their primary purpose is to prevent moisture 
from entering the transformer. As mentioned before, a 
little moisture can cause big problems. All covers and 
bushings should be tightly secured to prevent this 
problem. 

Hardware on the transformer may have loosened 
due to vibrations. All hardware should be checked for 
this condition and tightened if necessary. 

Ventilation ducts need to be examined and cleared 
of any obstructions. The surfaces of the core, coils, and 
terminal boards should be examined for the accumula¬ 
tion of dust and other debris. This buildup can cause 
the transformer not to cool properly. 

Compressed air of 25 to 50 psi can be used to clear 
the vents and blow the dust off the surfaces of the 
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transformer. While performing this task, the terminal 
boards and coils can be inspected for any deterioration. 

Some dry-type transformers may also include forced 
air cooling using fans. Fan motors and related control 
devices, fuses, and wiring need to be checked at least 
once a month. Use compressed air to clean these areas 
of the transformer. 

The wiper arm on the voltage ratio adjuster should 
be rotated through all the positions several times to 
clean off any oxidation and to assure good contact. The 
contact presents a higher resistance to current flow 
when oxidized, thereby creating a hot spot. Transform¬ 
ers often fail due to this problem. If the oxidation is 
fairly heavy, an electrical contact cleaner needs to be 
used. Be sure to return the tap back to its original 
setting before returning it to service. If the tap changer 
is left between contacts, the transformer will not oper¬ 
ate when it is put back on the line. In the event the 
voltages have changed, the tap may be set at a different 
position to compensate for the change. 

Coolant-Filled Transformers 

Examine coolant-filled transformers to ascertain the 
level of the coolant and look for any possible oil leaks. 
Most coolants have a low evaporation rate at their 
operating temperatures. If the level is low, more than 
likely, oil is leaking from the transformer. This may be 
due to a rupture in the tank, or the transformer becom¬ 
ing so hot that oil was boiled out of it 


Where oil leaks are evident, they will require 
immediate attention. When the cause of the leak has 
been remedied, the oil level needs to be restored. 
Coolants containing PCBs should be replaced if the 
transformer has to be taken out of service. The replace¬ 
ment liquids developed for this purpose do not propa¬ 
gate the flame and have a fire point of not less than 
300°C. If ignited by an arc, the flames will not spread. 
These coolants may be used either indoors or outdoors. 
When the transformers are rated over 35,000 volts, 
they shall be installed in a vault. Care should be taken 
to meet federal and local regulations when replacing 
PCB coolants. 

Dielectric Test 

Discolored coolant may indicate a high degree of 
oxidation and the presence of sludge. A dielectric test 
should be performed on the coolant. Use the proce¬ 
dures outlined in Chapter 3 for making these tests. 
Mineral oil that tests much lower than 22 kilovolts and 
askarel below 25 kilovolts will need to be filtered using 
a filter press (Figure 4-3). After filtering, mineral oil 
should test for 25 kilovolts and askarel for 30 kilovolts. 

Filter Press 

It is important that the filter press is clean before it is 
used. Old filters need to be replaced. Use the same type 
of care cleaning the filter press as you would use on 
sample bottles and the thief. All equipment associated 



Figure 4-3. Filtering coolant using a filter press. 
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with woricing with the coolant needs special care to be 
sure that they are free from any contaminates. Remem¬ 
ber that rubber hoses are never to be used due to the 
presence of sulfur in the rubber. 

The filter press shown in Figure 4-3 provides for the 
filtering of the oil already in the transformer or for the 
filtering of oil from the supply. This is accomplished 
by opening and closing the valves. 

To filter the oil from the tank, valves c and g would 
be closed with the other valves open. Filtering the new 
oil supply would require closing valve b and opening 
valve c. All other valves should be opened, and the oil 
would be supplied to the top and bottom of the tank at 
the same time. 

Closing valve h would cause the oil to be inserted 
into the bottom of the tank. If valve g were closed 
instead, the oil would be supplied to the top of the tank. 

The pressure gauge provides a means of determin¬ 
ing when the filters in the filter press need to be 
changed. As the press takes contaminants out of the oil, 
the screens become clogged. This results in an in¬ 
creased resistance to the flow of oil, and the pressure 
on the gauge increases. Manufacturer’s recommenda¬ 
tions should be followed as to what pressure the filters 
need to be changed. 

A decreased pressure would indicate that the strainer 
on the pump has become clogged. Under this condition 
the process would have to be stopped, and the strainer 
cleared of any obstructions. 

If a filter press is not available, the coolant will have 
to be changed. After the old coolant has been removed, 
the interior of the transformer will need to be cleaned 
and dried thoroughly before the new coolant is in¬ 
stalled. This will prevent the contamination of the new 
coolant with the residue that may remain in the tank. 

The supplier will more than likely have a filter 
press. The contaminated coolant can be saved and 
shipped to the supplier for filtering. The old coolant 
should never be dumped, particularly if PCBs are 
present in it. The Environmental Protection Agency 
has levied substantial fines for this practice. 

Temperature Check 

Recording temperature on each inspection is a require¬ 
ment for a good maintenance program. Most large 
installations will have a thermometer as a standard 
accessory, and making these readings is relatively 
simple. If not, a thermometer should be placed in the 
coolant and a reading taken. Ascertaining the ambient 
temperature of the installation is also useful so that the 


temperature rise of the transformer can be compared to 
that at the time of installation. 

Sudden rise in temperature is one of the best indica¬ 
tors available for pr^icting the need for corrective 
action. Under supervised conditions, these readings 
may be taken hourly. In other cases, they may only be 
performed when regular maintenance is scheduled. 

Gas Test 

Another test to be performed on coolant-filled trans¬ 
formers is for the presence of combustible gases. Some 
coolants, when heated, give off gases which will ignite 
and explode. An arc inside the transformer may cause 
this to happen. Proper ventilation is the solution to this 
problem. Where proper ventilation cannot be achieved, 
gas absorbers on the transformers would be used. 

The coolants are combined chemically so that they 
do not usually give off enough explosive gases until 
their temperatures exceed 180®C. Only Class H-rated 
transformers are designed to operate with temperature 
this high on the windings. The chances are that the 
transformer will be damaged if the temperatures go 
above the rating of the insulation for any long period of 
time. 

Specific Tests 

Transformers are cooled in a variety of ways. Other 
types of transformers protect the coolant from oxida¬ 
tion by sealing the transformer and inserting inert gas 
in the air space. These differences in design require 
some specific tests and maintenance procedures. 

Water-Cooled Transformers 

The temperatures of the ingoing and outgoing water 
should be taken at least weekly. Records of these 
readings are kept to determine the efficiency of the 
cooling system and to detect any changes in the oper¬ 
ating conditions of the transformer. 

When the ratio of these two temperatures starts to 
rise, the cause needs to be determined. If the increase 
cannot be explained due to additional loading or by 
other maintenance checks, the water pressure and flow 
would need to be checked. These values would have 
been recorded when the transformer was put in sCTvice. 

A pressure meter on the input line indicating high 
pressure may mean the coils are full of scale and are in 
need of maintenance. The input and output pipes 
would be disconnected from the coils. Examine the 
insides of the supply pipes as well as the coils for scale 
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and sediment. A bluish-green deposit (copper sulfate) 
would indicate that the water being used is acidic and 
is eating at the copper tubes. 

Some authorities state that the coil does not have to 
be removed from the transformer for cleaning. This is 
probably true in most cases. However, if the copper 
sulfate deposits are present, and the tubing is showing 
signs of deterioration, then it should be removed from 
the transformer. The tubing may be damaged further 
when the following procedure using a solution con¬ 
taining acid is used to clean it. If this were to happen, 
water and acid will contaminate the transformer oil if 
the cooling coil is not removed. 

To clean the pipes of scale and sediment, a solution 
containing equal parts of hydrochloric acid and water 
having a specific gravity of 1.10 is used. When mixing 
the solution, the acid is to be poured into the water. 
Pouring water on acid will cause the solution to boil up 
violently and can cause severe bums on the skin or 
possible eye damage. 

The solution is then poured into the coil. If the coils 
have not been removed, it may be necessary to add 
pipes to the input fittings and arrange them in a vertical 
position so that the solution can be poured. After the 
solution is inserted into the coil, it should be allowed to 
stand for about 1 hour and then flushed out with clean 
water. If a single treatment does not clear the coil, the 
process needs to be repeated. Use a new solution of 
acid and water each time. Usually, one or two clean¬ 
ings will be sufficient to clear the coils. 

If the transformer is going to be taken out of 
operation for a period of time and be subject to freezing 
weather, the water should be blown out of the pipes and 
coils. They need to be thoroughly dried with hot air to 
remove all moisture, or they may be filled with trans¬ 
former oil. Oil used for this purpose will need to be 
dried after it is removed from the coils, because it will 
contain the water that remained in the coils. 

When scaling and other sediment problems are 
frequent, the water may need treatment before it can be 
used. A chemical feeder can be added to the water 
system for this purpose. The acidity can be corrected 
by inserting abase chemical such as sodium hydroxide 
or soda ash. Other chemicals or filtering will be needed 
to prevent the scaling and sediments. An analysis will 
have to be performed on the water to determine pre¬ 
cisely which chemicals would be effective. 

If purified water is used with a closed system for 
cooling the transformer, a pump is needed. The motor 
and pump should be checked for proper operation. 
Motor maintenance will be discussed in Chapter 10. 


Sealed Transformers 

Conservator transformers have a pressure relief dia¬ 
phragm. This should be checked for any cracks or 
breaks. Damaged diaphragms are to be replaced 
immediately. Loss of pressure, or if pressure does not 
change as the temperatureof the transformer increases, 
may indicate a defective diaphragm. The pressure in 
the transformer can be read on the meter on the 
mercury relief valve. 

If the diaphragm is not at fault, there is probably a 
leak in the tank above the oil level. A soapy suds test 
can be conducted on all seams and around ^e fittings 
of any meters or pipes to locate the leak. Figure 4-4 
depicts a gas-sealed power transformer. 

The alarm on this system should be checked with 
each inspection. This can be accomplished by closing 
the cutoff valve on the return line and allowing gas to 
escape slowly from the exhaust valve. The low-pres¬ 
sure value at which the alarm sounds can be read on the 
pressure meter. 

Air Blast Transformers 

Air blast transformers that are operated indoors, and 
rely on the forced air blast provided by electrical fans, 
should have their fans running at all times that they are 
in operation. When these transformers are operated 
outdoors, the fans are controlled by a thermostat to 
conserve energy in cold weather. 

Each fan needs to be checked for proper operation. 
If the fans are controlled by a thermostat, a check needs 
to be made to determine if the fans are turning on at the 
proper temperature. 

The temperature of the air going into and exiting the 
cooling duct is to be taken and compared to previous 
readings. Corrective action would be indicated if there 
is a sudden increase in the differences of the two 
readings. 

As part of the preventive maintenance program, the 
duct works, fans, and cooling coils are to be cleaned 
with dry compressed air. Accumulation of dirt in these 
areas and on the transformer will reduce the cooling 
efficiency of the system and may cause high-voltage 
leakage around the bushings. Air filters may be part of 
the forced air system. They need to be inspected and 
changed if dirty. Frequency of cleaning will depend on 
the type of environment in which the transformer is 
operating. 

These transformers are normally equipped with a 
high-temperature alarm system. The thermostat for the 
alarm should be turned up until the alarm sounds. 
Check that the thermostat level for this test is set at a 
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Figure 4-4. Gas sealed power transformer. 


level where the heat generated by the transformer is at 
or below the manufacturer’s recommendation. 

Forced-Oil-Cooled IVansformers 

Temperatures of the ingoing and outgoing oil is to be 
measured. The difference in temperature can be com¬ 
pared to the readings taken previously. A sudden 
increase in this value indicates a possible problem. 
These transformers are equipped with an oil strainer. 
If there is a large difference between the ingoing and 
outgoing pressure across the oil strainer, the strainer 
will need to be cleaned of any foreign material which 
has collected in it. 

Oil-Immersed, 

Air-Pressure-Cooled Transformers 

Measure the temperature of the oil in the transformer 
to determine if the fans should be running. If not turn 
the thermostat to the prescribed level to start the fans. 
The motors, fuses, conductors, and related control 
devices should be checked for any deterioration and 
proper operation. Accumulation of dust and dirt should 
be blown off the various parts of the installation with 
compressed air. 

Gas Absorbers 

Transformers installed in poorly ventilated areas may 
have a gas absorber. These devices need to be checked 


for deterioration evidenced by dampness, cracking, 
and flaking. A new absorber should be installed when 
the need is indicated. 

Summary of TVansformer 
Maintenance Program 

A well-planned transformer maintenance program begins 
when a transformer is first installed and a record is 
made concerning all tests and procedures performed at 
that time. This record is updated whenever any future 
inspection, maintenance, or repair is performed. 

This record is a guide to any electrician that works 
on the installation in the future. It provides the means 
for the more efficient servicing of the device and 
reduces the amount of time the transformer must be 
off-line during maintenance, or whenever a fault oc¬ 
curs. It takes die guess work out of the operation. 

Frequency of inspection and maintenance is de¬ 
pendent on such factors as cleanliness, atmosphere, 
shock and vibration, temperature, and operating con¬ 
ditions. If no problems are found on several routine 
inspections, the chances are inspections are too often. 
If the system fails before routine maintenance, then the 
chances are that the inspections are performed at 
intervals that are too great. The record of the trans¬ 
former’s history is the key to setting the schedule. 
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Where applicable, the transformer inspection should 
include the following procedures. 

1. Check temperature of 

a. Coolant 

b. Incoming and outgoing water on a water- 
cooled transformer. 

c. Incoming and outgoing air on air blast 
transformers. 

d. Incoming and outgoing oil on a forced 
oil-cooled transformer. 

2. Make sure the air vents are working for the 
enclosure in which the transformer is located. 

3. Vents on the transformer should be free of 
any obstructions. 

4. Fan motors need to be checked. 

5. Check water and oil pumps. 

6. Clean strainers and filters. 

7. Check pressure and flow of oil and water. 

8. Check pressure and temperature gauges. 

9. Test automatic alarm systems. 

10. Test automatic controls on motors and 
pumps. 

11. Look for deterioration of wiring, bushings, 
insulators, fuses, and circuit breakers. 

12. Blow dust out of ventilators and off insula¬ 
tors, core, coils, and terminal boards. The 
transformer should be kept as clean as 
possible. 

13. Test the dielectric strength of the coolant 
Filter if necessary. 

14. Check the level of the coolant. Add addi¬ 
tional coolant if the level is low. Do not fill 
beyond the level maiic. Use proper proce¬ 
dures and protection when working with 
askarel. 

15. Measure the primary and secondary voltages 
of the transformer. Adjust the voltage tap if 
necessary. Be sure the transformer is discon¬ 
nected from the source voltage when this ad¬ 
justment is made. Be aware that if the 
secondary is not disconnected, a backfeed 
may be possible on some systems. The policy 
of some power companies is that the secon¬ 
dary is always disconnected along with the 
primary. 


16. Measure the kVA output of the transformer. 

Compare it with previous recorded data. 

Anyone experienced in servicing transformers will 
come to the conclusion that heat, dirt, and moisture in 
the coolant are the primary enemies of transformers. 
Every effort should be made to reduce these hazards in 
a good maintenance program. 

Excessive heat may be caused by 

1. Poor ventilation in the area in which the 
transformer is installed. 

2. Improper circulation of the air around the 
transformer or the coolant through it. 

3. A low level of coolant. 

4. Accumulation of dirt and dust on the trans 
former and in any cooling paths. 

5. Electrical overload on the circuit 

Water may get into the coolant by various methods. 

1. It may be introduced by “breathing.” This 
happens when the transformer is cooler than 
the surrounding air, and moisture condenses on 
the metallic parts of the transformer. Usually 
this only occurs when the transformer is not in 
service. 

2. Defective gaskets and seals on the device may 
be the cause. 

3. Persons working on the transformer have not 
taken proper precautions with the equipment 
used to install, test, or replace coolants. Other 
foreign substances detrimental to the proper 
operation of the transformer can also be intro¬ 
duced by the careless worker. 

Troubleshooting 

The time to start troubleshooting any piece of equip¬ 
ment or system is when it is installed, not when it fails. 
If you were not involved in the initial installation, 
become familiar with the system when you are as¬ 
signed its care. Hopefully, this will not happen simul¬ 
taneously with the fault 

Study the equipment record. Pay special attention 
to previous reports of failure. A pattern may become 
obvious. Read any notations made by the person who 
serviced the transformer on the last few occasions. 
There may be a clue that may save considerable time 
in restoring service. 
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Be familiar with the power source supplying the 
transformer. Know where the disconnect is and the 
value of the voltage(s) along with the kVA that is 
available. 

Know the locations of the panels served by the 
transformer and the loads supplied. Different types of 
loads have different current requirements. Some loads 
are more likely to cause problems than others. You may 
want to take these off-line before energizing the trans¬ 
former if any of these have been proven to be a problem 
in the past. 

Learn to use all the test equipment associated with 
troubleshooting the transformer before an outage oc¬ 
curs. When you are under stress while trying to repair 
the device is a poor time to be reading a manual on how 
to use the test equipment. Attempting to make an 
insulation test on a live circuit would prove rather 
embarrassing under the circumstances. 

There is no substitute for previous hands-on experi¬ 
ence when troubleshooting a system. Previous knowl¬ 
edge about the system and all related equipment, 
however, is an important supplement to becoming a 
great troubleshooter. Learning by experience alone 
can be very expensive. 

What to Do 

Be alert! Make use of all of your senses to determine 
what has happened. To often we look, but do not see; 
listen, and do not hear; touch, but do not feel; smell and 
taste, but do not comprehend. Someone once said, 
“You can see a lot by looking.” 

When this information gathered by your sensory 
perceptions is integrated with your previous experi¬ 
ences and knowledge about the system, the problem 
will usually be simple to determine. The one thing 
about power systems is that physical evidence of the 
malfunction is normally present. Be prepared to under¬ 
stand what the evidence is telling you. The time spent 
analyzing and diagnosing the fault will in itself save 
time in getting the transformer back on-line. Haphaz¬ 
ard methods of troubleshooting are time consuming 
and should be avoided. Use a logical sequence. 

If the transformer is still on-line when you arrive, it 
should be disconnected immediately if any smoke or 
liquid is coming from the tank. The same procedure 
should be followed if there is any unusual noise com¬ 
ing from the transformer. Do not re-energize until the 
cause of the malfunction has been established. Acti¬ 
vate any ventilation systems to clear dangerous gases 
from the area and to lower the ambient temperature. 


Take a temperature reading of the coolant, if liquid 
cooled, as soon as possible. This reading will be a good 
indicator if damage has occurred to the insulating 
quality of the transformer. If feasible, allow any cool¬ 
ing system to continue to operate until the temperature 
of the transformer is reduced to an acceptable level. 

In the event the transformer is not in immediate 
danger of being destroyed or exploding, and can con¬ 
tinue to be operated, make ampere readings. If the 
system is not metered, a clamp-on ammeter can be 
used for this purpose. 

Feeder loads can be disconnected one at a time in 
order to determine which feeder has the problem. 
Individual loads can then be disconnected in a like 
manner. If the problem is not isolated in this way, then 
one of the conductors is at fault. Normal cuixent 
readings on the feeders indicate that the problem is in 
the transformer itself. 

With the transformer off-line and with the loads 
disconnected, check for any external damage to the 
transformer. This may be either electrical or mechani¬ 
cal. Examine the potheads, conductors, insulators, 
bushings, and surge arresters. Look for evidence that 
the coolant is leaking from the tank. 

If some of the fuses on the transformer have blown, 
they c^n also provide valuable information. If the fuses 
are in the secondary circuit, the problem is more than 
likely being caused by the load. If the primary fuses are 
out, the transformer itself is most likely at fault. 

How the fuse blows can also tell you something 
about the fault. Figure 4-5 shows a good single-ele¬ 
ment fuse linkage. Figure 4-6 depicts a fuse that has 
opened due to an overload—notice that only one 
segment of the element has opened. Figure 4-7 illus¬ 
trates a fuse that has opened under short-circuit condi¬ 
tions. In this case all three segments of the fuse have 
melted. 



Figure 4-5. T 3 q>ical single-element fuse, 
(Courtesy Bussman Division, McGraw-Edison Co) 



Figure 4-6. Single-element fuse opened under 
overload conditions. 

{Courtesy Bussman Division, McGraw-Edison Co) 
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Figure 4~7. Single-element fiise opened imder 
short-circuit conditions. 

(^oiortesy Bussman Dividm, McGraw-Edison Co.) 


Figures 4-8 through 4-10 show similar conditions 
when a dual-element fuse is used. The spring-loaded 
element is shown open in Figure 4-9. This indicates an 
overload on the circuit In Figure 4-10, the short- 
circuit element is shown opened. Note that the ^ring- 
loaded contact did not have time to open under this 
condition. 


OVERLOAD SMOflT.ClRCUlT 
ELEMENT ELEMENT 



TRIGGER ASSEMBLY MEAT CALIBRATED SHORT^CIRCUnr 

SPRING ABSORBER FUSING ALLOY LINK 


AND S 

connector 

Figure 4-8. Typical duRl-ckxncnt fuse. 

{Cotartery Bussman Division, McGraw-Edison Co.) 

Figure 4-9. Dual-element fiisc opened under 
overload conditions. 

{Courtesy Bussman Division, McCraw-Edison Co.) 

Figure 4-10, Dual-element fuse opened under 
short-circuit conditions. 

(Courtesy Bussman Division, McGraw-Edison Co.) 

Figure 4-11 illustrates what you might face if the 
overcurrent devices on the transformer are overrated. 
Figure 4-12 depicts the explosive nature of short 
circuit, high-amperage current when the interrupting 
capacity of the fuse has not been properly selected. 
Figure 4-13 shows the resulting damage to a panel- 
board due to the explosion. 


J j 



Figure 4-11. BSects of overload due to the use of 
too i^ge amp^ rating of the protective cbvice. 
(^ourtesy Bussman Dhfisiem, Mdarow-Edison Co.) 



Figure 4—12. Explosive nature of short-circuit, 
high-amperage cunent 
{Courtesy Bussman Division, McGraw-^Edison Co.) 


These disasters can occur due to inadequate main¬ 
tenance and carelessness on the part of the electrician 
who services this equipment Fuses may have deterio¬ 
rated over the years and have never been chocked as 
part of the preventative maintenance program. Fuses 
may have been blown and been replaced without 
regard to their ampere and voltage ratings or their 
interrupting capacity. In each case, the causes may be 
laziness, or a complete lack of knowledge on the part 
of the mechanic about the possible results of the 
negligence. Keeping the system in operation at all 
costs is not applicable in these circumstances. 

Loss of life is a possible oumome of these actions. 
Loss of time, money, and electrical ^rvice can also be 
a major problem. No one except you and your family 
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Figure 4-13. Results of a short-circuit condition 
on a panelboard. 

(Courtesy Bussman Division, McGraw-Edison Co.) 

is going to worry about you losing your job and the 
possibility of a lawsuit. An exception may be your 
employer if he or she is involved in a lawsuit for hiring 
you. 

Electrical Tests 

Test the dielectric strength of the coolant. Take samples 
from both the top and the bottom of each compartment. 
If the breakdown voltage is less than that recom¬ 
mended for the coolant, it should be filtered until it 
passes. 

Make an insulation test of the windings of the 
transformer using a megger. Tests should be run be¬ 
tween each winding and ground and between each pair 
of windings. Low resistance values indicate that the 
transformer is the problem. Normal readings would 
not necessarily rule out the transformer. There may 
have been a fault in the windings which sealed itself 
with the insulating liquid. 

Insulation tests should be run on all conductors 
entering and leaving the transformer. If ampere read¬ 
ings were possible before the transformer was de¬ 
energized, they would provide a definite guide as to 


which conductors or loads might be the cause of the 
problem. 

If the above tests still prove inconclusive, a dielec¬ 
tric strength test can be run on the windings and the 
conductors. Someone experienced in this type of test¬ 
ing should perform these tests. Improper procedures 
may damage the transformer. The local electrical 
power company will have equipment and trained per¬ 
sonnel to provide assistance. 

In the event that one of the procedures above results 
in detecting the problem, and repairs have been made, 
other tests may be conducted before putting the trans¬ 
former back in service. A voltage test and a short- 
circuit test are recommended. 

When bringing the transformer back on-line, moni¬ 
tor it carefully. Take temperature readings and look for 
sudden rises in temperatures. If loads can be connected 
back one at a time, do so. Listen for any unusual noises. 
Check the cooling system and temperature to make 
sure it is operating properly. Follow standard proce¬ 
dures for activating a transformer. 

Transformer Fault 

Once the fault has been localized to the transformer 
itself, it will have to be replaced or repaired. In either 
case, service will be interrupted unless a replacement 
is already available to install, or there is an alternative 
way of supplying power to the disconnected loads. 
How much backup a system has will be dependent on 
the economics of the particular situation, or how 
critical the need for continuity of service is. If an 
alternative power system is available, it should have 
been activated when the faulty transformer was iden¬ 
tified as the cause of the fault. 

An internal inspection of the transformer will need 
to be conducted. If the transformer uses an askarel 
coolant, the tank will need to be purged prior to 
removing the oil. Hydrogen chloride gas may have 
been produced if arcing has taken place inside the 
transformer. This gas when combined with the mois¬ 
ture in the air forms hydrochloric acid which attacks 
the internal parts of the transformer. The gas if com¬ 
bined with the moisture in one’s nostrils or mouth is 
harmful. 

To purge the gases from the transformer, connect a 
tank of nitrogen gas to the bottom drain valve and 
allow it to bubble up though the coolant. It will 
neutralize the hydrogen chloride gas before it can form 
an acid. Provide adequate ventilation to take off any 
gases that may have been formed and are not neutral- 
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ized by the nitrogen. These procedures may vary with 
different transformers and types of coolants. The 
manufacturer’s instructions should be consulted for 
the particular installation. 

Once the gases have been purged from the trans¬ 
former, the coolant should be drained. If the trans¬ 
former has several compartments, the coolant from 
each should be stored in separate and clean containers. 
Each container is to be identified as to which compart¬ 
ment it was taken from. 

After the coolant is removed and stored, the inside 
of the transformer can be inspected. Use protective 
gear and procedures when working with askarel-filled 
transformers. Disconnect any conductors and equip¬ 
ment necessary for entering the transformer. Remove 
the cover. Protect all parts, such as insulators, from 
being damaged during this operation. 

Remove the coils from the transformer. Be careful 
not to damage them in the process. Examine the coils 
for evidence of electrical breakdown which is evi¬ 
denced by burnt insulation where arcing has occurred. 
The coils may have to be removed from the core in 
order to see where the damage is. Check for damaged 
core sheets and core insulation. 

The coil assembly will have to be crated and shipped 
to the local repair shop or back to the manufacturer for 
repair. Be sure that the coil assembly is properly 
packaged and protected before it is shipped. 

Once the coil assembly has been repaired and 
returned to you, take the same precautions you used 
when removing it from the transformer to install it. 
After the transformer has been assembled, the same 
test procedures used for a new installation need to be 
followed before putting the transformer back on-line. 

Questions 

1. List two reasons why an elecnical mainte¬ 
nance program is important. 

2. Why does a routine maintenance program 
make sense when a plant has a repair crew? 

3. When should the maintenance program on 
transformers begin? Explain. 

4. Because transformers do not have moving 
parts, and when properly selected, they 
operate for years, maintenance needs to be 
performed infrequently or only when a 
problem arises. Explain. 

5. How should frequency of maintenance be es¬ 
tablished on a new transformer installation? 


6. Where are damaged conductors most often 
found around a transformer installation? 

7. Why is it necessary to clean the contacts of 
the tap changer? Are there any precautions 
that should be taken when this task is 
performed? 

8. Dielectric tests on mineral oil cooled trans¬ 
formers should register at least_ 

kilovolts. 

9. How can oxidation be detected in a coolant? 

10. Rubber hoses should not be used to transfer 
coolants. Explain. 

11. If askarel tests below 25 kilovolts, what 
should be done? 

12. A high reading on the pressure gauge in 

Figure 4-3 would indicate_. 

13. What is the one best indicator that a trans¬ 
former is in trouble and is about to fail? 

14. If it is impossible to obtain proper ventilation 
for a coolant-filled transformer, what type of 
device should be on the transformer? Why? 

15. How are deposits in the coils of a water- 
cooled system removed? 

16. Are there any precautions you should take 
when mixing an acid solution? 

17. What is the purpose of using nitrogen in a 
gas-sealed transformer? 

18. As a general rule, how often should the fans 
on an air blast transformer receive mainte¬ 
nance? 

19. When can the periods between maintenance 
on a transformer be safely extended? 

20. What three factors are the primary cause of 
transformer failure? 

21. The best way to detect an overload on a 
transformer that does not have instrumenta¬ 
tion is through using your vision. Explain. 

22. A well-prepared electrician assigned to 

transformer maintenance will_the 

maintenance records and become_ 

with the distribution system and the loads. 

23. What makes troubleshooting high power 
systems simpler than low-power systems? 

24. The primary breaker of the transformer on 
which you are working was open when you 
arrived on the scene. All the secondary 
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breakers were still set. What is the most 
likely problem? 

25. A secondary fuse to a feeder has all of its 
elements burned open. The most likely 
condition of the fault is a(an) a. overload, 
b. short circuit 

26. Besides failure, what may be the effect on a 
transformer that is operated under a continu¬ 
ous overload condition? 

27. When changing fuses, you should never 
replace a bad fuse with one that has a 
(higher, lower) interrupting capacity. Ex¬ 
plain. 


28. What type of instrument would you use to 
measure the insulation quality of the trans¬ 
former and conductors leading to and from 
it? 

29. Would a good “hipot” test on the transformer 
assure good insulation quality of the trans¬ 
former? Explain. 

30. Besides the destructive qualities of arcing 
and the resulting spikes on the line, is any 
other danger caused by this phenomenon 
when it occurs in an askarel-filled trans¬ 
former? 
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Distribution Systems 


The purpose of any distribution system is to deliver 
power to the loads as safely and as economically as 
possible while meeting all requirements of the job 
specifications, the NEC, and the code of the local 
jurisdiction. 


Design Considerations 

The system should meet present needs and take into 
account any future needs. Some of the basic factors 
that must be considered are: 

• type of structure. 

• present utilization and possible future uses. 

• projected life of the structure. 

• flexibility of the structure. 

• location of service entrance equipment. 

• load requirements and their locations. 

• sources, quality, and continuity of power. 

• switchgear, distribution equipment, and panels. 

• installation methods. 

Distribution Voltages 

Distribution voltages, those connected to the primary 
of the transformers or to distribution panels, and utili¬ 
zation voltages, those connected to the loads, deter¬ 
mine the voltage rating of the transformer. Adding all 


of the current loads will provide the needed ampere 
rating. Multiplying the sum of the load currents times 
the secondary voltage and dividing by 1000 will pro¬ 
vide the figure for the kVA load for a single-phase 
transformer. For three-phase transformers, the value 
can be determined by multiplying the voltage times the 
current times 1.73 and dividing by 1000. 

Single-phase ^^Peres 

Three-phase kVA = ^oltsX Ag^res . X J ,73 

lUlA/ 

To determine transformer size, start with one of the 
calculations above. This is the absolute minimum 
rating for the transformer. To this value additional kVA 
is added to compensate for the various considerations, 
conditions, and factors listed before. 

Distribution voltages are classified as follows. 

1. Low voltage—600 volts or less 

2. Medium voltage—^1 to 15,000 volts 

3. High voltage—above 15,000 volts 

Until the early 1950s the most common distribution 
voltage within most commercial buildings was 208/ 
120 V system. With increased loads of central air con¬ 
ditioning, electrical heating, lighting levels, and the 
addition of numerous appliances and electrical office 
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equipment, this value has been changed to 480/277 V. 
For industrial plants, 480-volt systems are almost 
always used. 

Grounding 

Distribution systems when installed ih industrial plants 
are often ungrounded delta arrangements, resistance 
grounded delta, or wye systems. Resistance grounded 
systems may be either high resistance or low resis¬ 
tance. See diagrams in Figure 5-1. 

The advantage of using an ungrounded or a high- 
resistance ground is that a single ground fault will not 
interrupt service. This is true even in the circuit having 
the problem. This is the only advantage. 

There are several disadvantages of using an un¬ 
grounded system. Transient voltages caused by distur¬ 
bances on the line due to arcing, switching equipment 
on and off, or lightning strikes have no ground path and 
may subject the insulation of the wiring and equipment 
to voltages several times their rated capacity. 

This problem is somewhat alleviated by the capaci¬ 
tance between the conductors of the system which 
provides a capacitive grounding system. A small sys¬ 
tem might deliver approximately 0.1 ampere to ground, 
whereas a very large system may have currents as 
much as 20 amperes. 

When a ground fault does occur on an ungrounded 
system, it may go unnoticed for an extended period of 
time. Because of the nature of these faults, repeated 
arcing may occur causing transients and stressing the 
system. The fault, even without considering transients, 
will put stress on the insulation at 1.73 times the 
voltage on a wye connected transformer. This is not 
important for low-voltage systems where the insula¬ 
tion is rated for 600 volts, but for medium voltage 
systems, cable insulation is rated at 100% for phase to 
neutral voltage, and higher voltage ratings of the cable 
should be considered if operations must continue under 
ground fault conditions. 

For systems having insulation rated at 100%, clear¬ 
ance of the fault is recommended within 1 minute. A 
ground fault sensing device to warn of shorts should be 
installed so that the fault can be cleared before the 
event of a second short, which may cause serious 
damage to the installation. For the system to continue 
to operate for an indefinite period, it is recommended 
that the insulation rating be 173% of the phase to 
neutral voltage. 

On ungrounded systems, it is often difficult to 
locate the fault even when its presence is detected by 


a warning system. Unless there is physical evidence 
that is observable, the loads will have to be taken out 
of service one at a time. The conductors feeding the 
loads and the loads would have a “hipot” test run on 
them. 

Most of the difficulties associated with ungrounded 
systems can be overcome by using high-resistance 
grounding systems. The system will continue to oper¬ 
ate under fault without developing transient overvolt¬ 
ages, and the location of the problem is less difficult to 
determine. 

This can be accomplished on a wye system by 
placing the resistor between the neutral and ground. 
On a delta system, the use of a zigzag transformer 
connected to the three phases of the delta can be used. 
The resistor should be placed between the neutral of 
the zigzag transformer and ground. 

With high-resistance grounding, fault currents are 
limited to 0.1% of three-phase fault current to ground 
which is more than sufficient to reliably operate a fault 
relay. With the introduction of highly sensitive relays, 
low-resistance grounding systems are seldom used in 
modem plants. 

The NEC in Article 230 requires ground fault pro¬ 
tection only on the service disconnect. If it is necessary 
to maintain service to other areas of the building, 
ground fault protection should be extended to feeders 
and branch circuits with selective tripping of circuits 
designed into the system. For health care facilities, the 
NEC in Article 517 requires at least two stages of 
protection. 

Need for Higher 
Distribution Voltages 

Canadian industries have recently begun to install 600/ 
346 volt distribution systems to compensate for the 
increasing current loads in modem stmctures. This is 
in violation of the NEC in this country where the 
branch circuit voltage to ground shall not exceed 300 
volts. 

Voltages that were only used for outdoor distribu¬ 
tion systems are becoming commonplace in modem 
interior wiring designs for large industrial plants, high 
rise commercial buildings, and large shopping centers. 
In each of these cases, long feeders are needed, and the 
same economies that the power company realizes by 
using high voltage can be achieved by the customer. 

In the medium voltage range, the most common 
values over 600 volts nominal are 2400,4160, 6900, 
and 13,800 volts. Depending on the requirements, this 
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Figure 5-1. Grounding for distribution systems. 


may go as high as 34,500 volts. Values above 34,500 
volts are rarely specified unless for a special purpose. 
The trend now is toward 13,800 volts because it 
provides greater growth possibilities, is more flexible, 
and for loads exceeding 20,000kVA, is more economi¬ 
cal than lower voltages. For loads up to 10,000 kVA 
and for larger motors, a 4160-volt system is recom¬ 
mended along with 208/120 volts for lighting, appli¬ 
ances, and receptacles. 


There is no limit in the NEC as to the maximum 
voltage that approved conductors may carry when 
installed in rigid steel conduit. There are requirements 
as to where such conductors and conduits must termi¬ 
nate. Article 230 of the NEC requires service conduc¬ 
tors either to enter metal enclosed switchgear when the 
voltage exceeds 15,000 volts, or enter a transformer 
vault where walls and roof have not less than a 3-hour 


91 



Transformers 5 


fire-resistance rating. This also meets the requirements 
of the NEC, Article 450. 

Article 250 of the NEC provides for grounding of 
all exposed metallic parts of the system. This is to 
assure that potential between devices is zero and at 
ground potential. This should not be confused with 
system grounding, which may or may not be operating 
at ground potential. Further study of Article 250 is a 
necessity. 

Types of Systems 

No particular system can be recommended for all 
installations due to the differences in usage, equip¬ 
ment, safety, structures, requirements of the customer, 
and a multitude of other variables. The remainder of 
this section will explore various power distribution 
systems along with some of the advantages and disad¬ 
vantages of each. 

The following systems will be examined: 

1. Simple radial system 

2. Modem simple radial system 

3. Loop primary radial system 

4. Banked secondary radial system 

5. Primary selective radial system 

6. Secondary selective radial system 

7. Simple network system 

Simple Radial System 

In the majority of cases, power is supplied to the 
building at the utilization voltage, and the conven¬ 
tional simple radial system is employed for the distri¬ 
bution of the power. Figure 5-2 provides a diagram for 
this system. 

Under these conditions, a single source of power is 
supplied to a single substation transformer and con¬ 
verted to the utilization voltage which is connected to 
the main low-voltage bus. From here, it is distributed 
throughout the building at the utilization level to the 
various panels. Generally, the utility company has 
responsibility for the system to the output of the 
kilowatt-hour meter. 

The loss of the power source, transformer fault, or 
interruption of the primary feeder or the main low- 
voltage breaker will remove power from the entire 
building. Service cannot be restored until the problem 
is corrected. 

Economies are recognized due to the simplicity of 
the system. The utility company has responsibility for 


the source voltage, transformer, and primary feeder 
breaker, thereby relieving the customer of these re¬ 
sponsibilities. 

However, restoration of the system may be delayed 
due to the power company’s involvement. After power 
is again made available, it may be discovered that the 
fault is within the structure. 

It is recommended that the low-voltage feeder 
beakers be opened prior to having power reestablished. 
The load bus units can then be energized one at a time 
to determine which of the panels contains the fault. If 
selective tripping has been utilized, and a breaker is 
not defective in the load bus unit, this step should not 
be necessary since the defective load has already been 
identified by the open protective device and is off-line. 

Because of the low-voltage distribution system 
used and voltage drops on the feeders and branch 
circuits, the conventional simple radial system is not 
efficient and may require larger breakers and discon¬ 
nects to offset any savings. When the system requires 
more than 1000 kVA, other systems should be consid¬ 
ered. 

Modern Simple Radial System 

When power demand is above 1000 kVA, the modem 
simple radial system may be utilized. See Figure 5-3 
for a diagram of this system. The distribution voltage 
is delivered through the primary feeder breaker to 
power centers in areas where the loads are located 
within the structure. These centers are normally fac¬ 
tory assembled. They consist of a primary fused 
switch, a step-down transformer, a transformer breaker, 
and a series of load circuit breakers. 

The use of the higher distribution voltage allows the 
installation of smaller conductors to carry lower cur¬ 
rents to deliver the same amount of power to the power 
centers. This in turn reduces line losses and improves 
the voltage regulation of the system. The high cunent-4ow 
voltage feeder breakers are eliminated from the system 
resulting in additional savings. 

Transformers in the power centers may be either 
air-cooled or liquid-filled types. Each transformer is 
protected by a fused disconnect switch and a breaker. 
Because the transformers are located within the load 
area, they must have the capacity to carry the peak load 
for the area. If there are great differences in the loads 
among areas, the modem radial system will require 
greater transformer capacity than the simple-radial 
installation. Therefore, the design engineer should 
take care to balance the loads among centers. 
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When a fault occurs in one of the power centers, 
power can be restored to the rest of the building by 
opening the primary fused switch at the center and 
resetting the primary feeder breaker. The system, 
however, still suffers from the lack of flexibility and 
continuity of service. Disruption in the single power 
source, opening of the single primary feeder breaker, 
trouble with the primary feeder, or a fault with any one 
of the transformers will interrupt power to the entire 
building. 

Where peak loads are above 1000 kVA, the modem 
simple radial system is the least expensive. Improve¬ 
ments can be made in its flexibility and continuity of 
service by modifying it as shown in Figure 5^. 

Each transformer in the diagram is supplied by its 
own primary feeder which is individually protected by 
a distribution circuit breaker. A fault in a feeder or a 
power center will disrupt only the loads assigned to 


that particular station. This arrangement increases the 
cost of the system but improves the continuity of 
service to the areas not affected by a fault. 

Economies can be realized by supplying more than 
one transformer from a single primary feeder. Also the 
automatic feeder circuit breakers can be replaced with 
load break switches backed up with one automatic 
circuit breaker. By doing this, however, the number of 
areas affected by any fault will be increased, and the 
advantages of using the system are reduced. 

Loop Primary Radial System 

Figure 5-5 depicts the wiring of the loop primary 
radial system. A sectional primary loop is used rather 
than the primary radial. It has all the advantages of the 
modified modem simple radial system at less cost, and 
at slightly greater cost than the modem simple radial 
system. 


93 














Figure 5-3. Modem simple radial distribution system. 


Each power center is equipped with a primary load 
break switch. In normal operation, all these switches 
except one are closed. The open switch is selected to 
balance the current load on the loop feeder. Another 
load break switch is located after the primary feeder 
breaker. 

When a fault occurs in one of the centers or on the 
primary feeder loop, the primary feeder breaker opens, 
disrupting power to the entire system. The primary 
load break switches can be opened to the defective 
center or feeder line, and power can be restored to the 
rest of the system. The normally open primary break 
switch will need to be closed under these conditions 
unless it is associated with the fault. Power can only be 


restored to the faulty section after repairs have been 
made. The loop primary radial system is a good com¬ 
promise between the modern simple radial and the 
modified modem simple radial installations. 

Banked Secondary Radial System 

Figure 5-6 shows the power center for the banked 
secondary radial system. This arrangement utilizes the 
loop primary radial distribution system along with a 
secondary loop. Figure 5-7 illustrates how the power 
centers are connected. 

Power can quickly be restored to this system with 
malfunctions in the primary feeder or any transformer. 
The section of bad feeder can be isolated by opening 
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Figure 5-4. Modified modem simple radial distribution system. 


both of the loop break switches in the primary circuit 
on both ends of the defective cable while closing the 
remaining switches to maintain power to all of the 
transformers. 

Under normal operating conditions one of the loop 
primary switches will normally be opened to balance 
the load on the feeder. If this switch is not associated 
with the feeder fault, it will need to be closed. 

In the case of a transformer fault, the primary fused 
load switch can be opened, removing primary feeder 
power from the defective transformer. It may not be 
necessary to open the feeder loop switches. At the 
same time, the transformer’s bus breaker must be 
opened or a back feed will result through the limiter 
bus circuit. This would result in the transformer having 
both the secondary voltage present on its windings, 
and if still operative, a voltage on the primary equal to 
approximately the distribution voltage on the feeder. 


This could be dangerous for an electrician working on 
the transformer. 

When a problem occurs in one of the load circuits, 
the defective circuit can be dropped off the line by 
opening the load circuit breaker. If the problem were to 
occur on the load bus itself, the load break switches 
along with the transformer breaker in the secondary in 
the power center would be opened to remove power 
from the load bus until repairs could be completed. 

Secondary loops provide a number of additional 
advantages other than providing emeigency power to 
the loads of a defective circuit 

1. They help to equalize the load on all trans¬ 
formers, therefore only one kVA rating can be 
established for all the transformers in the 
system without the need to match different 
loads to the individual transformer. The trans¬ 
formers, however, need to be matched for 
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Figure 5-5. Loop primary radial distribution system. 
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Figure 5-6. Power center for banked secondary radial system. 


voltage and impedance. Matching loads to the 
transfonners is a real problem in the other 
systems with the exception of the simple radial 
installation. 

2. Because all the transformers are connected in 
parallel, there is usually savings in the need 


for additional transformer capacity. 

3. The system is better for across-the-line starting 
of motors and may provide savings in motor 
starting equipment 

4. It is the most satisfactory arrangement for 
combined lighting and power loads. 
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Figure 5-7. Banked secondary radial system. 


The bus loads of the defective transformer are 
supplied power by the other transformers in the system 
through current limiters (see Limiters, below). 

Primary Selective Radial System 

The primary selective radial system allows quick res¬ 
toration of power to the system in the event of primary 
feeder or breaker failure. Figure 5-8 provides an 
illustration of this system. 

In the event of a fault with power being supplied to 
the primaries of the transformers, only half the trans¬ 
formers will be out of service. The loads are equally 
divided between the two feeders. Because each feeder 
has been designed to carry the total load of the build¬ 
ing, the transformers can be switched over to the 
second supply that is available in the power center, and 
service will be returned to the affected areas. 


When the problem exists in one of the power 
centers, the station can be dropped from the line. This 
would not be possible using the single-pole-double¬ 
throw switch as shown in Figure 5-8. In order to 
disconnect the power center, the single-pole-double¬ 
throw switch is usually connected in series with a 
single pole disconnect switch as shown in Figure 5-6. 
This switch is identified as the primary fused load 
switch. Another arrangement would be to have the 
single-pole-double-throw switch replaced by two single¬ 
pole load break switches with a common terminal of 
each wired to the primary fuse. 

Secondary Selective Radial System 

The secondary selective radial system uses the pri¬ 
mary-selective radial system with all of its advantages 
as part of the circuit arrangement. In addition, a 
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Figure 5-8. Primary selective radial distribution system. 


redundancy of transformers is incorporated in each 
power center. Each transformer is rated to carry the 
total load of the power center. Under normal operating 
conditions, the bus-tie breaker is open, and the load is 
divided equally between the two transformers. The 
bus-tie breaker is mechanically interlocked with the 
transformer breakers so that it cannot be closed unless 
one of the transformer’s breakers is opened. Figure 5-9 
depicts the circuit for this system. 

A transformer malfunction in this system will cause 
the primary feeder breaker to open. Power can be 
restored to the system by opening the disconnect 
switch and transformer breaker on the defective trans¬ 


former and closing the bus-tie breaker. The primary 
feeder breaker can then be reset, and the second 
transformer in the power center will pick up the load ot 
the transformer that has been removed from service. 

Secondary selective radial systems are very expen¬ 
sive. This is primarily due to the duplication of trans¬ 
former capacity and power feeders. A modified design 
can be incorporated at less cost. This would consist of 
a single transformer at each power station with a 
secondary tie between each pair of transformers. Each 
transformer in the pair would have to have the kVA 
rating required to carry the load for both power centers. 
This will reduce the number of transformers required 
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POWER CENTER 


Figure 5-9. Secondary selective radial distribution system. 

by one-half. Even though the total power capacity is cally by an electrical motor. The motor is controlled by 

the same, a single 1000 kVA transformer would cost network relays which automatically sense circuit 

less than two 500 kVA transformers. conditions. The breaker will close only when voltage 

conditions are such that the associated transformer will 
Simple Network System supply power to the load. It will open at any time there 

A simplified drawing of the power center for the is a backfeed, or when the secondary is feeding power 

simple network system is given in Figure 5-10. One to the primary. The primary purpose of the 

significant change was made in the diagram. The network protector is to protect the secondary loop and 

transformer breaker is replaced with a network protec- loads from transformer or primary feeder faults, 

tor in a network system. Figure 5-10 depicts in simplified form a simple 

The network protector is a special heavy-duty air network system. This arrangement has three primary 

circuit breaker which is opened and closed automati- feeders. They are designed so that any two can carry 

the full load if the third one fails. 
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The system has a secondary loop from which the 
loads are supplied over short radials. The secondary 
loop will supply any of the loads automatically in the 
event of a transformer failure within the system. When 
one of the transformers is underloaded, it can supply 
power to other circuits that have larger loads. This 
tends to equalize the loads on all of the transformers. 

Some of the advantages of the simple network 
system are 

• large motors can be started across the line and at 
lower voltages, which results in lower cost for 
motor starting equipment 

• the secondary loop provides greater flexibility. 

• additional loads can be supplied from the nearest 
supply bu^ without the necessity of recalculating 
and redistributing loads in order to provide bal¬ 
ance to the system. 

• power centers can be connected or disconnected 
from the system depending on the need for power. 

• voltage regulation on the system is very good. 


Other Distribution Systems 

Eight different distribution systems have been exam¬ 
ined in the course of this chapter. There are many more 
that were not taken into account. It does not take much 
imagination to see that various combinations can be 
put together to meet the particular loads and needs of 
the customers. Additional feeders or transformers can 
be added or removed. Reliability of secondary loops 
can be improved by having three sets of three phase 
cables instead of two sets or one set. Primaries can be 
made either selective or nonselective. The questions to 
answer by the design engineers as to which system to 
use would include: 

• How much reliability must be built into the 
system?. 

• How much flexibility must the system have? 

It is the responsibility of maintenance electricians 
to know the systems they are responsible to service. 
Time spent studying systems prior to a failure will pay 
great dividends when problems arise. 
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System Protection 

Distribution protection is usually designed to protect 
the equipment in the system as well as the circuit to the 
loads. The protective devices must be sensitive to 
abnormal conditions. When a fault occurs, fuses, break¬ 
ers, and limiters must be capable of isolating the fault 
from the other circuits served by the distribution sys¬ 
tem. They must be sensitive to overloads, and at the 
same time, be capable of clearing a short circuit fault. 

Small Plant Distribution System 

The distribution system of a small plant has a single 
power source supplied to it by the utility company. The 
system consists of a single circuit breaker or fuse 
between the source and the transformer that steps the 
distribution voltage down to the utilization voltages. 
Secondary circuits of the transformer are also pro¬ 
tected by circuit breakers or fuses. Both primary and 
secondary protection is provided. A fault on a secon¬ 
dary circuit should be cleared by its protective device. 
If it fails to trip, the primary device will open and clear 
the fault. Problems with the transformer or primary 
feeder will be cleared by the circuit breaker or fuse 
between them and the distribution voltage source. 
Figure 5-11 depicts two such arrangements for a small 
plant. 

Additional protection has been provided in Part B 
of Figure 5-11. The primaries of the transformers have 
a primary fuse as well as the circuit breaker. The fuses 
act as backups for faults not cleared by the secondary 
breakers. 
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Distribution System for a 
Commercial Office Building 

Figure 5-12 illustrates a typical single-line riser dia¬ 
gram showing electrical protection devices and their 
arrangements for a 60-story office building. The build¬ 
ing is supplied by the utility company with a one-spot 
network from a vault under the sidewalk and another 
in a fireproof vault on the 40th floor of the building. 
The second vault on the 40th floor is used to reduce the 
length of the runs for the secondary feeders. Primary 
voltage for the system is 13,800 volts. 

Each vault has six 2500 kVA network transformers 
and each supplies 4000amperesat 480/277 volts. Fault 
currents at each service would be close to 100,000 
amperes. 

The main and feeder circuit breakers must have the 
interruption capacity to withstand the high short cir¬ 
cuit current available. Smaller feeder circuit breakers 
can be of the current limiting type, integrally fused 


Figure 5-11. Small plant distribution systems. 

breakers, or they may have the interrupting capacity 
necessary for the circuit. Breakers are coordinated so 
that under fault conditions only the circuit containing 
the fault is dropped from the line. Electrical service is 
continued to the other parts of the building. 

Fuses may be used instead of breakers because of 
the lower costs involved. Their use would involve 
more time off-line when a fault occurs. In addition, the 
savings may be offset by the need to carry a complete 
line of spares as a backup for repairs. Also, there is 
danger if qualified maintenance personnel are not used 
of having replacement fuses installed that have incor¬ 
rect values. This could cause a reduction in the selec¬ 
tive coordination of the system, and in some cases, 
reduced safety. 

There are many variations in the design of a high 
rise installation. These would be determined by build- 
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Figure 5-12. Typical power distribution and riser diagram for a commercial office building. 
{Courtesy Westinghouse Corp) 
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ing size, utilization equipment, special requirements, 
or any of the considerations presented at the beginning 
of this chapter. For example, a cable riser might 
replace the busway riser. Line losses would be reduced 
using this installation. However, the cost of this ar¬ 
rangement would be higher and some diversity would 
be sacrificed. Another approach would be to use more 
than one busway riser in large buildings with more than 
one electrical closet on each floor. 

Selective Coordination 

It is not usually desirable to have the service network 
protector or the service disconnect open when a fault 
occurs on a feeder or branch circuit Under these 
conditions, power would be interrupted to the entire 
plant or installation. 

In order to avoid blackouts, one system used is 
elective coordination of breakers and fuses. Figure 
5-13 shows such a system. 



Figure 5-13. Selective coordination of 
protective devices. 

Although the figure depicts 3:1 ratios, the ratio may 
be different for each circuit. The ratio may be as high 
as 10:1 or low as 1.5:1. The ratio will vary with the type 
of protective device and the manufacturing design 
technology of the device. Manufacturer’s recommen¬ 
dations must be followed in order to achieve the 
selective coordination desired. 

Circuit Breakers 

Many older circuit breakers previously installed may 
not be current limiting and will not handle the high 
fault currents available in modem installations. A 
common practice is to use a fuse with the required 
interrupting capacity in front of the breaker to protect 
it from high currents. This was illustrated in Part B of 
Figure 5—11. The fuse can be coordinated to open on 
currents that exceed the interrupting capacity of the 
breaker. 

If a system is fully rated, each circuit breaker will 
have the interrupting capacity for the part of the circuit 


which it serves as protection. It will be equipped with 
a long time delay and an instantaneous overcurrent trip 
device. The main breaker’s time device will be long 
enough to allow a feeder breaker to react to fault. The 
time delay for the feeder breaker will be long enough 
to allow a branch circuit breaker to operate. 

Usually a maximum of four low-voltage breakers 
can operate reliably in series with each other. The time 
required for operation of each in case of fault should 
not overlap. Each breaker should allow enough time 
within the safe operation of the system for the breaker 
downstream from it to trip. 

Only recendy has it been possible to use breakers 
with instantaneous trip for selective coordination. This 
has been achieved through the use of solid state tech¬ 
nology. 

Limiters 

Limiters are special fuse elements which are current 
limiting in nature and have special characteristics. 
When heated beyond their capacity by overcurrents, 
which is approximately three to three and a half times 
the continuous current rating of the cable, they will 
blow as any fuse does, but will not emit smoke, flame, 
or noise. 

The higher current rating of the limiters is to insure 
that they do not blow under overload conditions and 
disrupt power to other circuits that normally would not 
be affected by the problem. They are designed to 
provide short circuit protection. 

Limiters are supplied to be used with various gauges 
of conductors and are rated by cable size. The largest 
limiter is rated at 1000 MCM. Limiters have an inter¬ 
rupting rating of 200,000 amperes and can be used in 
circuits up to 600 volts. Cable limiters are also avail¬ 
able with ratings of250 volts or less for light commer¬ 
cial and residential applications. Figure 5-14 shows 
the use of limiters in the power supply for residential 
customers. Only one limiter is required in this arrange¬ 
ment, because there is no other voltage being supplied 
on the secondary loop. 

For commercial and light industry, the secondary 
loop should have a minimum of two sets of three-phase 
conductors to provide maximum continuity of service. 
Each loop should be connected to the bus of each 
transformer through limiters. Limiters must be in¬ 
stalled on each end of the secondary loop in order to be 
effective. If a fault occurs on the cable, current from 
the source would destroy the limiter between it and the 
fault. Current in the loop-secondary would blow the 
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Figure 5-14. Residential service entrances protected by limiters. 
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Figure 5-15. Commercial service entrance protected by limiters. 


limiter between the customer and the fault (Figure 5- 
15). 

Although the NEC prohibits equipment connected 
to the supply side of service disconnect equipment to 
be connected to the service disconnecting means, 
cable limiters are an exception. There are definite 
advantages provided for by this exception. These in¬ 
clude 


• isolation of faulted cables without interruption 
of service on the other cables supplied by the 
common source. 

• convenient scheduling of repairs. 

• reduced chances of burnout of the equipment due 
to a fault on the line side of the main overcurrent 
protective device. Without cable limiters, a fault 
between the transformer and the service entrance 
equipment is given little protection. 
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• protection against short circuit currents. Often a 
short circuit fault may exceed the interrupting rate 
of service circuit breakers. 

Other Types of Protection 

Depending on the design and the requirements of the 
loads placed on a distribution system, other types of 
protection are available. Some of these are listed 
below. 

1. Low-voltage protection. If the source voltage 
drops to predetermined level, the system can be de¬ 
signed to drop off the line. This is usually accom¬ 
plished by relays in a control circuit which continually 
monitors the input voltage. They are usually associ¬ 
ated with the circuit breaker or magnetic switch through 
which power is provided to the equipment. When the 
voltage falls to the set level of the relay, the relay will 
drop out, and through mechanical linkage with the 
breaker or switch, open it, removing power from the 
circuit. Overvoltage protection can also be provided in 
the same manner, but is seldom used. 

2. Single-phasing. If a three-phase system loses one 
of its phases, the system can be provided with relay 
control that will remove it from the line. This type of 
protection is usually desirable on a distribution system 
that is providing power to polyphase motors. 

3. Ground fault interrupters. Current relays are used 
to sense any imbalance in the current in the conductors 
supplying the load. These devices are sensitive to 
differences in the low-milliampere range and will 
disconnect the power from the load in milliseconds 
when a ground fault occurs. 

4. Phase reversal. Considerable damage can occur 
to some loads if the phase of the power system is 
accidentally reversed. Protection can be provided to 
remove power to these loads, once again using phase- 
sensitive relays. 

5. Surge protection. Modem electronic devices are 
often very sensitive to occurrences on the distribution 
system. Special provisions for them are often provided 
in the form of various types of surge protectors. With 
more computer installations being built every day, this 
type of protection has become necessary. 

6. Alarm systems. On supervised systems, alarms 
can be installed to sound if any critical element begins 
to malfunction. Alarms can be used for temperature, 
flow, pressure, current, voltage, or for any function 
that can be measured or detected. 


Questions 

1. List some of the factors associated with the 
design of any distribution system. Be 
prepared to ^scuss each of them in class. 

2. A three-phase transformer is going to supply 
power to motor rated at 480 volts/25 horse¬ 
power. What is the minimum kVA rating of 
the transformer? Each horsepower is equal to 
746 watts. 

3. How much current will each phase supply to 
the 25-horsepower motor in Question 2? 

4. Medium-range voltages are classified as 

those voltages between_and_. 

5. What is the most common voltage used for 
distribution in a large industrial plant? 

6. Explain the advantage of using ungrounded 
distribution systems. 

7. List some disadvantages of ungrounded 
systems. 

8. What is the maximum allowable branch 
circuit voltage to ground according to the 
NEC? 

9. What is the maximum allowable distribution 
voltage according to the NEC? Under what 
conditions? 

10. Are equipment grounding and system ground 
the same? Explain. 

11. If one of the load bus units is defective in a 
simple radial distribution system, how can 
power be maintained to the other units? 

12. How does the modem simple radial system 
differ from the older simple radial system? 

13. Why is the modified modem simple radial 
system more reliable than the modem simple 
radial system? 

14. Give some possible uses of loop-break 
switches used with the loop-primary distribu¬ 
tion system. 

15. What is the primary advantage of a banked 
secondary radial system oVer the previous 
systems studied in this text? 

16. Specify the purpose of the limiters in the 
banked secondary system. 

17. Explain how the highest degree of reliability 
and flexibility can be achieved from a distri¬ 
bution system. 


105 



Transformers 5 


18. In Figure 5-12, how is the 120-volt utiliza¬ 
tion voltage obtained? 

19. How much interrupting capacity must the 
main circuit breaker have for the building 
depicted in Figure 5-12? 

20. Using the same diagram, name the riser 
diagrams. 


21. What does the term “selective coordination” 
mean when applied to fuses and circuit 
breakers? 

22. How are current limiters rated? 

23. Why must a banked secondary system have 
two current limiters on each cable? 
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Chapter 6 


Fundamental Concepts: Motors 


When Alessandro Volta discovered the principles of 
the electric battery in the early 1800s, he opened the 
way for expanding experimentation in electricity. 

Volta noticed that while cutting up a frog, the frog 
twitched each time he entered the abdominal cavity 
with two dissimilar metal instruments. The frog’s 
fluids acted as an electrolyte, and electrons were 
transferred from one piece of metal to the other. 

The battery provided a reliable source of electrical 
power. Up to this time only static charges were avail¬ 
able for making scientific inquiry into the nature of 
electricity. Appropriately, the unit of electrical poten¬ 
tial energy is called the volt. 

In 1819, Hans Christian Oersted discovered the 
principles of electromagnetism. He noticed while lec¬ 
turing at the university that each time he brought a 
compass close to a current carrying conductor, the 
compass aligned itself perpendicular to the conductor. 
Figure 6-1 depicts this phenomenon. The unit of mag¬ 
netizing force, ampere turns per unit length (NI/L), is 
named for him. 


N 



Figure 6-1. Effect of the magnetic field created by 
current flow on a compass. 


In 1821, Michael Faraday used Oersted’s findings 
to create motion with the magnetic field. Faraday is 
credited with inventing the first electric motor. Figure 
6-2 illustrates his device. 



PERMANENT MAGNET 


Figure 6-2. Faraday’s motor. 

Faraday achieved continuous motion of the wire 
which rotated around the magnet. Because the wire 
was enclosed in the glass tube, there was no way of 
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having the motor perform work. Although the motor 
had no practical value, it demonstrated the possibility 
of obtaining a workable machine. 

The first U.S. patent for a motor was issued to 
Thomas Davenport in 1837. Davenport developed his 
motor with very little money and under varying hard¬ 
ships. He used silk taken from his wife’s wedding 
gown as the insulation for the conductors. His brother 
Oliver helped finance him in his endeavor. Oliver sold 
his horse and wagon used in his business for this 
purpose, resulting in his own bankruptcy. 

Because the magnetic generator had yet to be in¬ 
vented, Davenport’s motor lacked the needed electri¬ 
cal energy to be commercially feasible. He died penni¬ 
less without recognizing his giant contribution to the 
world. It was not until 1879 at the international exhibi¬ 
tion in Berlin that the first motor intended to be 
purchased for commercial applications was shown. 

Electric motors play a tremendous role in modem 
life, much of which we are not even aware until we are 
affected in some adverse way. Have you counted the 
number of electric motors used in your home? Take a 
few minutes and list them. Are you surprised? 

My count came to over 20 when I attempted this 
exercise, and I realized that I had missed at least 2, my 
electric pencil sharpener and the motor in my printer. 
There are probably more. Yes, there was my smokeless 
ashtray. 

What about these motors found in the home? Are 
they all the same? Obviously not. They come in 
various sizes and configurations. They have different 
applications. Some must be more powerful than oth¬ 
ers. Some must have a longer life span and higher 
reliability. The motor in my smokeless ashtray is not 
nearly as important to me as the motor in my water 
pump. 

As we leave the home and prepare to drive away in 
our automobile, we encounter several more electrical 
motors. We depend on an electric motor to start the 
gasoline engine so that we can begin our journey. In 
addition, electric motors are used to roll the windows 
up and down, blow hot and cool air at our command, 
pump liquid washer onto the windshield, wipe the 
windows clean, raise and lower the antenna, and adjust 
the position of the seat. Electric motors drive fan 
blades to cool the radiator and the condenser of the air 
conditioning system. The list of motors used only in 
the automobile is indeed impressive. 

Our journey is either speeded up or delayed accord¬ 
ing to signals transmitted by devices using electric 
motors. Signal lights are controlled by timing circuits 


driven by small electric motors. A drawbridge may be 
open or closed by a large motor. Toll gates are depend¬ 
ent on these devices. 

When we arrive at the end of the journey, the 
chances are we will again encounter more motors. 
They are used in elevators and escalators to save us 
from climbing up and down stairs. They help maintain 
a comfortable environment in which we work or shop. 
They move conveyors and drive machinery of all 
types. No matter what our job is, motors normally play 
an important role. 

With all these motors in our environment, it is 
important that there are skilled electricians who know 
how motors operate, how to select and install them, 
how to maintain them, how to repair them, and how to 
replace them. The intention of Part II of this book is to 
provide the necessary information to help train the 
electricians needed to keep our motors running. 

Definitions 

A motor is defined as an electromagnetic device that 
converts electrical energy into mechanical energy. 
Electrical energy is measured in watts, and the me¬ 
chanical energy is measured in horsepower. 

Horsepower 

Power is defined in physical terms as the rate of doing 
work. Work is defined in terms of weight in pounds 
multiplied by distance in feet, or 

Work = Pounds X Distance (Foot-Pounds) 

Power 

Time 

(Foot-Pounds/Second) 

A horsepower is defined as 33,000 foot-pounds per 
minute or 550 foot-pounds per second. 

Watt 

The watt is the measure of electrical power and is 
defined in terms of voltage and current in amperes, or 

Watts = Voltage X Amperes 

This formula is related to the physical units in that the 
volt is defined as 1 joule per coulomb of electrons, and 
the ampere is defined as the flow of 1 coulomb of 
electrons per second. 
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The joule is the metric unit of physical work and is 
equal to approximately 0.737 foot-pound. The cou¬ 
lomb is a quantity of electrons. According to authori¬ 
ties at the National Bureau of Standards, 1 coulomb is 
equal to approximately 6.15 X 10'* electrons. Substi¬ 
tuting these values for the voltage and current we find 

Walls Y 

Coulombs cancel in the formula, and it becomes 

Walls = Y 

or 1 watt is equal to approximately 0.737 foot-pounds 
per second. 

From these definitions, it is possible to calculate the 
relationship between the electrical watt and horse¬ 
power. This is found to be 

1HP = 746W 

When the current and voltage are not in-phase in an 
AC circuit, the formula for determining the wattage of 
the circuit must be modified- This out-of-phase condi¬ 
tion occurs when the circuit is either inductive or 
capacitive. 

In an inductive circuit, the current will lag voltage. 
In the capacitive circuit, current will lead the voltage. 

The volt-ampere calculation must be modified in 
either of these two cases in order to determine the 
actual power used in watts. This is accomplished by 
multiplying by the cosine of the angle between the 
current and voltage. 

Watts = Volts X Amperes X Cosine 0 


and operating characteristics. However, their 
design takes into account operations under 
conditions other than the usual or for a 
particular type of application. For example, a 
submergible water pump would be a definite 
purpose device. 

3. Special purpose motors are those with special 
mechanical construction and/or special 
operating characteristics. They are normally 
designed for a particular application. Any 
motor that does not fall within the classifica¬ 
tion of general purpose or definite purpose 
would be a special purpose motor. 

DC/AC Motors 

Motors may be designed to operate on either DC or 
AC. Alternating current motors may use a single 
phase, two phases, or three phases of power and are 
classified accordingly. Most AC motors over 1 horse¬ 
power are polyphase and use three-phase power. Motors 
may range from small fractional-horsepower devices 
up to large units rated for hundreds of horsepower. 

Speed 

Motors may be single speed, dual speed, multiple 
speed, or variable speed. The latter can be adjusted to 
any value of speed within the range of the design. 

The speed of a motor is given in revolutions per 
minute QIPM). The speed of DC machines is more 
easily adjustable than that of the AC motors. 

The synchronous speed of AC motors is dependent 
on the frequency of the power source and the number 
of poles. This is expressed mathematically as 

Synchronous Speed = 120 X 


Purpose or as 

Motors may be manufactured for general purpose, Frequency(Hz) 

definite purpose, or special purpose applications. Synchronous Speed = 60 X pQi^g 


1. General purpose motors are designed for 
continuous 40°C operation with an open enclo¬ 
sure. They have standard ratings, construction, 
and operating characteristics. They have no 
restrictions as to the type of application for 
which they are used under normal operating 
conditions. 

2. Definite purpose motors are those designed to 
operate under conditions other than normal. 
They also have standard ratings, construction. 


The multipliers of 120 and 60 are used to convert the 
frequency from cycles per second to revolutions per 
minute for the motor. To illustrate these two methods, 
let’s take an induction motor having four poles and 
operating at 60 hertz. Method one would yield 

60 

Synchronous Speed = 120 X -^ = 1800 RPM 
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With method two, the same answer is found using 

Synchronous Speed = 60 X ^ =:1800RPM 

It appears more logical to use the second formula 
than to use the first. The reason is that the multiplier 60 
relates to the conversion of seconds to minutes more so 
than using the value of 120 and the total number of 
poles. 

Slip 

Slip is strongly associated with synchronous speed. If 
the motor turned at the same RPM as the magnetic 
field, there would be no relative motion between the 
rotor and the field. Therefore, no current would be 
induced into the rotor, and no magnetic field would be 
created to cause it to turn. 

Slip is the difference between the synchronous 
speed of a motor and its actual speed. Mathematically 
it is determined by 

Slip = Synchronous Speed - Actual Speed 

Using the example above for synchronous speed of 
a motor with four poles operating at 60 hertz, the value 
was calculated to be 1800 RPM. The value most likely 
given for the RPM of the motor on the nameplate will 
be 1725 RPM. Using the formula for slip 

Slip = 1800 RPM - 1725 RPM 
= 75 RPM 


DIRECTION OF 
ROTATION 



Figure 6-3. Standard direction of motor shaft rotation 
is counterclockwise. 


Efficiency 

The percent of efficiency of a motor can be determined 
by dividing the output horsepower by the input watts 
and multiplying the fraction by 100. Horsepower can 
be converted to watts by multiplying the figure by 746. 

% Efficiency = X 100 

Efficiency could also be expressed in the following 
way: 

% Efficiency = X 100 

Input power is easily measured using electrical 
instruments that are readily available. Output power, 
the mechanical energy transferred to the load, is not so 
easy to measure. Special equipment is required for this 
purpose. A more detailed discussion is provided in the 
section Torque, below. 


Electrical Degrees 

In a motor or generator, a conductor must move past a 
north and a south pole in order to complete one cycle 
or 360 electrical degrees. For a two-pole device, this 
means that the conductor must move through a full 360 
mechanical degrees, or make a complete circle, to 
obtain the 360 electrical degrees. If the device has four 
poles, the conductor needs to move only 180 mechani¬ 
cal degrees. For six poles, only 120 degrees would be 
required. 

Direction of Rotation 


Power Factor 

A term closely associated with efficiency is power 
factor. The power factor is the ratio of the watts con¬ 
sumed by the circuit divided by the volt-amperes 
delivered to the load. This ratio is expressed for a 
single-phase circuit as 


Power Factor = 


Watts 

Volts X Amperes 


For the three-phase circuit, the formula is modified to 


Power Factor = 


_ Watts _ 

Volts X Amperes X 1.73 


Motors may rotate only in one direction, or they may 
be reversible. Standard manufacturing procedure for 
motors designed to rotate in one direction is for the 
shaft to turn in a counterclockwise direction as viewed 
from the front of the motor. The front is the end 
opposite the shaft (Figure 6-3), 


Circuits having poor power factor will also operate 
at a lower efficiency than those with a high power 
factor. Power factor will be discussed in greater detail 
in Chapter 9. 
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Torque 

Torque is defined as a turning force. It can exist even if 
there is no movement. An example would be where a 
wrench is used to loosen a bolt that has rusted. The bolt 
refuses to move, but the torque is being applied. Even 
though the bolt refuses to turn, the torque can bt so 
great that the head of the bolt will separate from the 
tlireaded end. 

The unit of measure for torque is in “pound-force 
feet.” By increasing the length of the handle of the 
wrench, more leverage is provided, and the torque will 
be increased. The horsepower of the motor can be 
determined using the following formula: 

™ _ Force X Length of Lever X 27C X RPM 
’ 33,000 

The force is measured in pounds, and the length is 
in feet. To determine the distance the force is moved 
(work), 2n is the multiplier used to obtain the circum¬ 
ference of a circle. The RPM is the rate at which the 
work is being done (power). The conversion factor to 
horsepower is the 33,000 foot-pounds per minute rate. 
Figure 6-4 illustrates a laboratory test setup for deter¬ 
mining the values to be used in this formula. 



Figure 6-4, Using a prony break to determine 
motor horsepower. 

This test setup allows for the adjustment of the load 
on the motor by the tightening of the band on the 
pulley. Torque and the horsepower can be determined 
experimentally for locked-rotor conditions up to the 
motor *s maximum operating speed while under load. 
The mechanical energy delivered to the load is con¬ 
verted to heat due to friction between the pulley and 
the band. While performing this test, the heat is re¬ 
moved by a coolant such as water or oil. 

Although the field electrician will normally never 
run this type of test, the formula is useful for determin¬ 
ing the motor horsepower required to drive a known 
load. Also, the illustration is very useful in helping one 


visualize the changing of electrical energy into me¬ 
chanical energy. 

Using the test setup in Figure 6-4, the length of the 
lever is set at 9 inches, and the force on the scale reads 
8 pounds. The motor’s RPM is measured using a 
precision-type hand tachometer at 1725 RPM. What is 
the horsepower delivered to the load by the motor? 
Substituting these values into the formula, we find 

Trr. _ 8 X 0.75 X 6.28 X 1725 _ , 

-33:000- 

or nearly 2 horsepower. 

If the rated RPM at full-load was twice the value in 
the example, the calculations would show twice the 
horsepower. On the other hand, if rated RPM has been 
one-half, the horsepower would have been approxi¬ 
mately 1. The fact is that every motor at a given speed 
miist have a definite torque to develop its rated horse¬ 
power. 

A customer may specify a motor of a given horse¬ 
power that will develop the required torque close to or 
equal to the torque required for a mechanical load. It is 
important to consider the overall efficiency of the 
system and how the motor will be operated before 
filling the order. 

If the efficiency is low, and the motor is pro¬ 
grammed for continuous operation, it may well over¬ 
heat even though it develops the required torque to do 
the job. At the same time, if the system’s efficiency is 
high, and the motor is operated only intermittently and 
has time to cool, the specified motor may perform the 
intended functions. 

Most pony break apparatuses arc obsolete because 
of instability and lack of accuracy. There was always 
some question about the accuracy of the results achieved 
using this type of device. Pony break devices have 
been replaced by the dynamometer (Figure 6-5). 

The dynamometer is an electric generator whose 
base has been modified. On a generator, the housing is 
normally attached to the base so that it cannot move. 
The dynamometer has a second set of bearings mounted 
outside the bearings for the armature shaft. This ar¬ 
rangement allows both the armature and the case to 
turn freely. The movement of the case, however, is 
limited by a spring, which is calibrated into pounds 
force, and can be read from a scale. A counterweight is 
used to balance the weight of the lever and dynamome¬ 
ter case so that the scale does not need constant 
calibration. 

The dynamometer is driven by the motor under test. 
Being a generator, the dynamometer converts the 
mechanical energy of the motor into electrical energy. 
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Figure 6-5. The electric dynamometer. 


The load on the motor can be adjusted by drawing 
varying amounts of current from the dynamometer by 
adjusting a rheostat for the load desired. 

When current is taken from the dynamometer, a 
magnetic field is set up that opposes the field which 
caused it (Lenz’s law). This causes the case of the 
dynamometer to rotate in the opposite direction to the 
motion of the driven armature. Rotation of the case is 
opposed by the spring and the torque applied to the 
spring can be read from the calibrated scale. 

Some dynamometers incorporate electronic tachome¬ 
ters. Tachometers measure the RPM. The accuracy of 
some of these tachometers is very high, and some will 
read as low as one-half RPM. 

Four types of torque are important when working 
with motors. These are: puU-up torque, full-load torque, 
breakdown torque, and locked-rotor torque. 


in RPM. If the load on a motor is increased 
enough beyond its horsepower rating, the 
speed of the motor will drop without any 
warning and the motor may stop turning. 

4. Locked-rotor torque is the minimum torque a 
motor will develop when rated voltage and 
frequency are applied. 

The voltage applied to a motor greatly affects the 
magnitude of the torque. Torque is proportional to the 
square of the voltage applied. If the voltage is doubled, 
the torque will be four times greater. On the other hand, 
if the voltage is reduced by one-half, the torque will 
only be one-quarter as great 

Motor Losses 

Motor losses are categorized under two conditions: no- 
load losses, and losses when operating underload. The 
no-load losses include 

• Windage 

• Friction 

• Core losses 


1. Pull-up torque is measured when full power 
and frequency are applied to the motor when it 
is at rest. It is the minimum torque developed 
during the period from when it is started until 
it reaches full speed. 

2. Full-load torque is the amount of turning force 
the motor produces at its operating speed in 
order to develop the rated horsepower. 

3. Breakdown torque is the maximum torque a 
motor develops when operated at its rated 
voltage and frequency without a sudden drop 


Motor losses under load are 
1. Stator PR loss 
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2. Rotor PR loss 

3. Stray load loss 

Windage and Friction 

Because the shaft of the motor turns and is often 
attached to a fan load for cooling purposes, the air 
around it must be displaced. This movement of air 
offers resistance to the turning force, thereby consum¬ 
ing energy. This loss is defined as the windage. 

The efficiency of a motor is not as good as that of the 
transformer. Unlike the transformer, parts of a motor 
must rotate in order to convert electrical energy into 
mechanical energy. This in turn causes friction be¬ 
tween the rotating parts and the stationary parts of a 
motor. Friction is converted to heat rather than me¬ 
chanical energy, thereby lowering the overall effi¬ 
ciency of the machine. 

Core Losses 

Motors have the same type of core losses as transform¬ 
ers. These include eddy currents, hysteresis, satura¬ 
tion, and flux linkage losses. Core losses are increased 
or decreased mainly through the rated frequency of 
design, flux density, type of steel used, and the insula¬ 
tion quality of core laminates. 

Motors have two kinds of eddy current losses. There 
are the eddy currents within the individual laminate, 
and eddy currents between laminates where the insula¬ 
tion is not sufficient to prevent them. Damage to the 
insulation can cause motors to operate at a much lower 
efficiency than their ratings. 

Most motors are manufactured using number 24- 
gauge steel. The laminations are about 0.025 inch thick 
and can be purchased with a thin coat of varnish on 
both sides to provide the insulation quality needed to 
reduce the circulating currents in the core material. 

Another method of providing insulation is also 
used. Because the core has its slots and contours 
punched out on a press, this causes stress within the 
material and reduces the magnetic quality of the steel. 
To overcome this problem, the core material is heat 
treated at approximately 15(X)°F in a controlled atmos¬ 
phere before it is punched to specifications. The heat 
treatment provides an additional benefit in that an iron 
oxide forms on the surface to provide insulation be¬ 
tween the laminates. 

Unlike the transformer, a motor must have an air 
gap between the moving and the stationary part. This 
air gap increases the reluctance of the magnetic circuit 
which reduces the total number of flux lines. Also the 
loss is increased due to reduced magnetic coupling 


between stator and rotor. This is known as the flux 
linkage loss. 

PR Losses of Windings 

Losses due to the resistance of the windings of a motor 
can normally be ignored under no-load conditions. 
Under load conditions, however, they become signifi¬ 
cant. These losses are usually addressed in the manu¬ 
facturing of the motor by reducing the resistance of the 
wire to make a more efficient device. How the stator 
and rotor are wound is also considered. Some winding 
configurations provide for greater efficiency than others. 
If an older motor needs to have its windings replaced, 
the overall loss of the motor can be reduced at that time 
by using these techniques. 

I^R Losses of Rotor 

It is more difficult to determine this loss than that of the 
stator windings, the reason being that the currents in 
the rotor bars and end rings are unevenly distributed. It 
can be proven, however, that this loss is directly related 
to the slip of the motor. Slip is normally within a 3 to 
5% range of the synchronous speed. At a given speed 
if the slip was in the range of 4%, then the loss would 
equal approximately 4% of the power induced into the 
rotor. 

Stray Load Losses 

Factors that affect the stray load losses involve the 
engineering design of the motor and the processes used 
in the manufacturing of the motor. Some of these are 

• Geometry of stator and rotor slot 

• Number of slots 

• Length of the air gap between the rotor and stator 

• Rotor slot insulation 

Stray load losses vary from one manufacturer to 
another due to their nature. Because they involve both 
design and the manufacturing process, these losses can 
vary widely among companies and will affect the 
overall efficiency of a given machine. 

Efficiency 

When we moved into our all-electric home in 1971, the 
power company put us on the budget plan at $35 per 
month. We did not take their advice and paid $50 per 
month due to the number of members in the family. At 
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the end-of-the-year settlemeni, the average came to 
$49 per month. 

This year, with a reduction of family size from ten 
to five, the introduction of various energy saving 
devices, and a significant reduction in the kilowatt- 
hours used, our budget is set at $203 per month. This 
represents a fourfold increase in cost while receiving 
less electricity. 

At the same time, the energy crunch caused the 
author’s family to change over to smaller, more effi¬ 
cient automobiles. This dampened our love affair with 
the big **gas burners” formerly used by our large 
family. With the price of gasoline increasing daily and 
with increased income not responding nearly as fast, 
little choice remained. 

The typical energy efficient car driven an average 
number of miles costs approximately 20% of its pur¬ 
chase price to operate each year. In any case, over the 
life expectancy of the vehicle, the operating costs will 
usually exceed the purchase price by one and one 
quarter to three times the initial cost. The price of 
energy (gasoline in this case) is a major factor in 
determining the multiple. 

Motor Costs 

On the other hand, a 100-horsepower, continuously 
used, 91% efficient motor will cost nearly 900% of its 
purchase price to operate yearly with the cost of 
electrical energy at $0.04 per kilowatt-hour. Com¬ 
pared to a motor’s purchase price in the range of 
$3200, operating costs would be over $28,000. With an 
expected life of 20 years, this would represent over 
one-half million dollars. 

Economists have predicted that the cost of electri¬ 
cal energy will increase dramatically by the year 2000. 
These forecasts show rates in the range of $0.30 to 
$0.40 per kilowatt-hour. This would raise the operat¬ 
ing costs to between 7000% and 90(X)% of the pur¬ 
chase price of the motor. If the cartel formed by the oil 
producing nations exerts enough influence, these rates 
may well be realized. Is it any wonder that industrial 
leaders are looking for more efficient motors? 

Manufacturers of electrical machinery have re¬ 
sponded to this need. Several companies now produce 
more energy efficient machines. Although the initial 
cost is greater than the older, lower-efficiency motors, 
substantial savings can be realized by the user over the 
life cycle of the motor. Even with the higher purchase 
price, the energy efficient motor may prove less costly 
than a less-efficient motor over the life of the two 
devices. 


Although there are exact ways of determining the 
long-term real costs of motors, these exercises are not 
usually performed by the typical electrician. The elec¬ 
trician, however, represents his or her employer and 
should be energy conscious. This is beneficial for the 
employer, the customer, and the producer of energy 
saving machines. 

Estimating Savings 

A rough approximation of savings can be estimated for 
the customer. This should be sufficient for the cus¬ 
tomer to do an actual cost analysis. 

For every one-tenth percent increase in efficiency, 
the customer will save $1 per horsepower, if overall 
cost is assumed to be $\000 per kilowatt over the life 
cycle of the machine. If the cost is $2000 per kilowatt, 
the savings would be $2 per horsepower. With reduced 
costs of $500 per kilowatt, which are highly unlikely at 
this time, the savings would be reduced accordingly to 
$0.50 per horsepower. Table 6-1 illustrates the savings 
at $1 per horsepower. 


Table 6-1. Savings Due to Motor Efficiency 
(Life-Cycle Savings $1/HP@ $1000/kW) 


HP 

EfTiciency (%) 

Differential 

Life Cycle 

Savings ($) 

High 

Industry Avg. 

Points 

Tenths 

10 

90.2 

85.0 

5.2 

52 

520 

20 

91.7 

88.5 

3.2 

32 

840 

80 

94.1 

91.0 

3.1 

31 

1880 

100 

95.0 

93.0 

2.0 

20 

2000 


(Courtesy of General Electric Corporation) 


It should be noted that the savings are greater as the 
horsepower goes up. At the same time, smaller horse¬ 
power motors should not be neglected. If a 100- 
horsepower motor were replaced by ten 10-horse¬ 
power motors, the savings on the ten motors would be 
$5200. Likewise, for five 20-horsepower motors, the 
savings would be $32(X). Because smaller motors are 
less efficient than larger motors, a larger percentage of 
savings is realized with the higher-efficiency motors. 

Operation Near Full-Load 

A motor will be more efficient when operated near its 
horsepower rating. This is due to the fact that, like a 
transformer, a motor will act more inductive when 
unloaded. Under these conditions, not all the current 
flowing in the circuit is being converted to output 
power. The current, however, is passing through the 
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wires, which have resistance. Heat is generated, result¬ 
ing in PR losses. These losses are due to low-power 
factors and should be considered when making the 
installation. 

Defining Efficiency 

Ejficiency is defined in several ways by different 
persons and manufacturers. A motor purported to be 
90% efficient may be more or less efficient than the 
rating. 

The term “efficiency” by itself as a guide when 
purchasing a motor is much like the Environmental 
Protection Agency’s miles per gallon rating of an 
automobile. You need to know much more to deter¬ 
mine the exact mileage you will obtain from a particu¬ 
lar automobile. 

Terms such as full-load, 4/4 load, average, nominal, 
and calculated efficiency are not always sufficient 
either and have the same limitations as the Environ¬ 
mental Protection Agency ratings for the automobile. 
Individual motors may perform well below any of 
ratings described by these terms. 

Another term used is apparent efficiency. This 
value is determined by multiplying the motor’s power 
factor by the efficiency rating. However, the power 
factor varies with loading and other factors, and once 
again this rating does not give the true efficiency of an 
operating motor. Specifications for efficiency should 
not be written in reference to this value. 

Using the minimum or expected minimum effi¬ 
ciency is a better way of expressing a specification. 
Some manufacturers, however, further define this term 
by stating that a given percentage of their motors will 
meet the minimum expected efficiency. A manufac¬ 
turer’s guarantee along with the buyer’s confidence in 
the manufacturer is the best way for selecting an 
efficient motor. 

Further assurance of a motor’s efficiency can be 
obtained if the standard used by the manufacturer or 
testing laboratory is known. Studies contracted by the 
Federal Energy Administration have shown that the 
user of electrical motors cannot be assured of the true 
efficiency of motors due to the various testing proce¬ 
dures used by different manufacturers as well as by 
those in foreign countries. Table 6-2 makes some 
comparisons among standards used in four countries. 

NEMA has adopted Test Standard MGl-12.53a 
(IEEE-112, Test Method B). Method B requires a 
dynamometer to be used when testing polyphase squir¬ 
rel cage motors rated 1-125 HP. PR losses are to be 
adjusted for temperature rise, and stray load loss data 


Table 6-2. Comparison of Motor Ratings Using 
Different Standards 


Standard 

FuU'Load Efficiency (%) 


7.5 HP 

20 HP 

International (EC 84—2) 

82.3 

89.4 

British (BS—269) 

82.3 

89.4 

Japanese (JEC—37) 

85.0 

90.4 

US (IEEE—112, Method B) 

80.3 

86.9 


{Courtesy of General Electric Corporation) 


are averaged using linear regression analysis to reduce 
random errors. As can be deduced from Table 6-2, this 
standard reports the lowest efficiency rating of all the 
standards shown. It is strongly recommended that this 
standard be specified when requesting efficiency rat¬ 
ings for motors. 

Nameplate Nomenclature 

Article 430 of the NEC specifies the information that 
the manufacturer must provide on the nameplate of a 
motor. The requirements are modified to take into 
account specific types of motors. For example, field 
current and voltage for DC excitation of a synchronous 
motor would need to be included for that particular 
type of motor. 

A typical nameplate that meets the requirements of 
the NEC for a fractional horsepower AC induction- 
type motor is shown in Figure 6-6. A brief explanation 
for each block is provided. 
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Figure 6-6. Nomenclature for a typical motor. 
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1. The manufacturer’s name must be shown. 

2. If a motor is provided with thermal protection 
it must be marked. The abbreviation T.P. may 
be used for motors rated 100 watts or less that 
comply with the NEC, Article 430. Standard 
codes for thermal protected motors are 

• A—automatic reset, Underwriters Laborato¬ 
ries (UL) approved 

• M—manual reset, UL approved 

• D—automatic reset, time delay, UL approved 
for oil burner service 

• X—automatic or manual reset, not UL ap¬ 
proved. 

3. The style or model number generally are 
derived from the manufacturer’s specifications 
and drawings necessary to produce the 
particular motor and others exactly like it. 
Appendix A provides a description of how the 
model number is determined by General 
Electric. 

4. Standards for frame size have been established 
by the NEMA and numbers are assigned to 
correspond to specific dimensions. Occasion¬ 
ally, motors will be manufactured with non¬ 
standard frames due to the special needs of a 
user. When motors are manufactured accord¬ 
ing to NEMA standards, motors with the same 
frame and type can be replaced with a motor 
of the same type from another manufacturer. 
Mechanical construction and dimensions will 
be the same as will be the ratings and operat¬ 
ing characteristics. Figure 6-7 gives the di¬ 
mensions for a motor manufactured by 
General Electric using NEMA-defmed frames 
2512,2513,2812, and 2813. 

5. This value provides the horsepower, or part 
thereof, for the motor at the rated RPM. 

6. Motors are designed to operate on one, two, or 
three phases. The abbreviation “DC” will 
appear in this block for DC motors. 

7. This is the speed at which the motor will run 
to develop the rated horsepower when the 
proper frequency and voltage is applied. 

8. The required frequency of the power source is 
given in this block. This value will almost 
always be 60 hertz in this country, although 
50-hertz motors may be encountered. Motors 


may be designed to operate on a wide range 
of frequencies. If a 60-hertz motor is to 
operate on 50 hertz it must have its voltage 
and horsepower reduced. Motors designed to 
operate at either frequency are non-NEMA- 
defined motors. 

9. Rated voltage in this block is normally 
specified at a lower value than the nominal 
voltage supplied by the power company. This 
design feature was incoiporated at an earlier 
time in the electrical industry to compensate 
for voltage drop on the line. Modem power 
distribution systems which include utilization 
transformers closer to the loads, power factor 
correction, and shorter runs of wire have 
greatly overcome this problem. Nominal 
voltages of 120/240 volts are used with 
motors rated 115/230 volts, 208 volts are 
used for motors rated at 200 volts, and this 
continues through the standard voltages up to 
4160 volts for a 4000-volt rated motor. The 
voltage applied to the motor must be within 
10% of that given on the nameplate. Tables 
6-3 and 6-4 provide the nominal operating 
voltages of power systems as well as the 
nameplate voltages of the motors. 

Table 6-3. Nominal Power System Voltage Versus 
Motor Nameplate Voltage at Standard 60 Hertz 

Nominal Power System Voltage Motor Nameplate Voltage 


Below 125 HP 125 Hp and Up 


Polyphase 60 Hz 

208 

200 


240 

230 


480 

460 

460 

600 

575 

575 

2400 

2300 

2300 

4160 

4000 

4000 

Single Phase 60 Hz 

120 

115 


208 

200 


240 

230 



(Courtesy of General Electric Corporation) 


10. Temperature rise is the difference between 
the operating temperature of a motor and the 
ambient temperature. Most motors are 
designed to operate at 40®C above the 
ambient temperature. Some motors are 
designed for a 50°C rise above the ambient 
temperature. The heat generated by a motor 
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Table ^-4. Nominal Power System Voltage Versus 
Motor Nameplate Voltage for 50 Hertz 

Nominal Power System Voltage Motor Nameplate Voltage 


Below 125 HP 125 HP and Up 


Polyphase 50 Hz 

Nominal Power (System Voltage 



Varies from Country To Country) 

200 

200 


Motor Voltage (Should Be Seleaed 
For the Country in Which It Will Be 

380 

380 

Used) 

415 

415 


440 

440 


550 

550 

3000 

Single Phase 50 Hz 

110 

200 

220 

3000 


(Courtesy of General Electric Corporation) 


during operation is sometimes referred to as 
watt losses, or the current squared times the 
resistance. Contributing to the heat are eddy 
currents, and friction in the bearings. Heat is 
a major factor in motor failure. Motor appli¬ 
cations requiring frequent starts, and those 
having frequent overloads may require 
special motors. The class of the insulation 
system and rated ambient temperature may 
be substituted for the temperature rise. 

Class Maximum Operating Temperature 

A 105°C 

B 130°C 

F 155°C 

H 180°C 

11. Normally the time rating on a motor is 
“continuous.” When a value is given it shall 
be 5, 15, 30, or 60 minutes. This is the 
amount of time a motor may be operated 
without overheating. 

12. The kilovolt-amperes per horsepower with 
locked rotor is provided by the NEMA code. 
The value corresponding to the alphabetical 
letter provided in this block can be found in 
the NEC, Article 430. This code is to be used 
to determine branch circuit short circuit and 
ground fault protection. 


13. This is the full-load current for the motor 
when operated at the rated voltage and 
frequency. This value must be given for each 
speed of multispeed motors with the excep¬ 
tion of shaded-pole and permanent-split 
capacitor motors where the amperage is 
required only for the maximum RPM. 

14. Service factor amperes is the amount of 
current the motor will draw when operated at 
its maximum service factor value. 

15. Service factor is the permissible overload 
that the motor has been designed to with¬ 
stand. The value can be determined by multi¬ 
plying the service factor times the horse¬ 
power of the motor. Rated voltage and 
frequency must be maintained in order for 
this value to be applicable. If a motor is 
operated at this acceptable level, both the 
current and temperature rise values shown on 
the nameplate will be exceeded. Common 
values for the service factor range from 1 to 
1.25. 

16. There are two general types of enclosures. 
They are totally open (TO) and totally closed 
(TC) motors. Totally open motors are 
modified so that the up-end is enclosed and 
ventilation holes are at the bottom of the 
motor, or so that they are drip proof. Totally 
closed motors are completely sealed but may 
have forced fan air cooling. 

17. Manufacturers generally use this space to 
indicate the type of motor such as split- 
phase, capacitor-start, and so on. Other codes 
may be included to help the producer 
identify the motor. 

18. This is the serial number of the motor. It may 
be coded to indicate the date of manufacture, 
special order, particular customer, or any 
number of other purposes. 

Parts of Motors 

The essential parts of a motor vary among the different 
types. All motors, however, must have a stator, rotor, 
and a means of supporting the rotor so that it does not 
come in contact with the stator poles as it rotates. The 
stator and rotor will be examined first. Afterward, 
other parts used on motors will be explored. 
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Stator 

The stator, which is the stationary part of the motor, 
consists of the core and the windings of copper wire on 
the core. Cores are constructed using laminated elec¬ 
trical grade steel to reduce losses due to eddy currents 
and to insure a good magnetic path. The purpose of the 
stator is to form a strong electromagnet in which the 
rotor turns. In some small electric motors, the core and 
windings are replaced by a permanent magnet, but in 
most cases the stator is an electromagnet. Figure 6-8 
shows a core of a stator for a DC motor. 



Figure Laminated stator. 
{Courtesy General Electric Co.) 


This is a two-pole motor. The number of poles on a 
DC motor are usually easily distinguishable. The small 
projection poles at the top and bottom of the core are 
for the interpole windings. Their purpose will be 
discussed in Chapter 7. 

Pole pieces are shaped to fit the contour of the rotor. 
This reduces the air gap and lowers the reluctance (the 
opposition to the passage of magnetic flux lines) of the 
magnetic field between the stator and rotor. Air has a 
much higher reluctance than does the special steel used 
in the core. For AC induction motors, the air gap as a 
rule is from 0.015 to 0.040 inch. On the synchronous 
motor, the gap is usually greater. 

Pole pieces may be individually formed and bolted 
to the frame of the motor. Individual poles are known 
as salient poles. Figure 6-9 illustrates a four-pole DC 
motor using salient poles. 

On the AC induction motor, the number of field 
poles is not as easy to distinguish. This is because there 
are pole pieces for the starting windings, and in some 
cases, the compensating windings. Poles for these 
windings are spaced in with the field poles. Figure 
6-10 depicts the stators of two different types of AC 
motors. Both of these are four-pole motors. 


FIELD POLE 



Figure 6-9. Four-pole DC motor using salient poles. 



Figure 6-10. Stators of two types of four-pole 
induction motors. (Courtesy Fasco Distributing Co.) 

Stator Coils 

Most electricians will never rewind a motor unless as¬ 
signed to a motor shop where the skills can be acquired. 
However, they should be aware that the coils are merely 
turns of insulated wire which are formed to be placed 
into the slots of the stator. The insulation may be just a 
thin coat of varnish on each individual wire, or the 
entire coil containing several turns may be wrapped 
with additional insulation. These coils are intercon¬ 
nected to each other to meet the electrical requirements 
of the device. 

It is more important that the electrician be aware of 
how to test the coil windings, and be able to isolate 
problems involving them. They also need to know how 
to make the proper connections to meet the electrical 
requirements of the motor. 

There are several wiring configurations and meth¬ 
ods used to wrap and form the coils so that they can be 
properly located in the appropriate insulated slots. 
Each of the configurations has certain advantages that 
contribute to the efficiency of the motor. 
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Rotor 

The rotor is the part of the motor that is free to turn. It 
is located inside the stator and should turn easily. It is 
also called an armature, and the terms are used inter¬ 
changeably when referring to a motor. This is not true 
in the case of a generator. On the generator, the field 
windings may be rotated (rotor), and the armature is 
held stationary (stator). This is done so that the high 
current being generated in the armature can be taken 
off with direct fixed connections without the use of 
brushes. 

Rotors have three parts. These are the core made of 
magnetic steel, windings of copper wire, and the shaft. 
The core is pressure-fitted onto the shaft. The shaft 
transmits the mechanical energy converted from elec¬ 
trical energy by the motor to the load. 

There are two types of motor rotors. They are the 
wound rotor and the squirrel cage rotor. The wound 
rotor has coils of wires wound in the slots of the rotor. 
Whereas the squirrel cage rotor consists of bars of 
copper or aluminum the length of the rotor which are 
electrically connected at each end with shorting rings. 
The rings are also constructed with either copper or 
aluminum. This arrangement provides for a closed 
electrical circuit in which current can flow. 

The name “squirrel cage rotor” comes from the 
similarity of appearance between this type of rotor and 
an exercise device used for squirrels when they are 
kept in captivity. Figure 6-11 depicts the wound rotor, 
and Figure 6-12 shows a representation of the squirrel 
cage rotor. 


COMMUTATOR SHAFT 



COIL ENOS COILS 


Figure 6-11. Wound rotor. 

Direct current motors will always have a wound 
rotor. In addition, the DC armature will always have a 
commutator. 

Alternating current motors may have either wound 
or squirrel cage rotors. The operating characteristics of 
the two types of rotors differ in AC motors. Certain 
types of AC motors also have commutators. 



Figure 6-12. Squirrel cage rotor. 

The core of the rotor is laminated to eliminate eddy 
currents. Laminations, like those in the transformer 
and the motor stator, are electrically insulated from 
each other. 

Rotor Support 

Some method must be used to mount the rotor in the 
stator field. The rotor must be free to turn and not come 
in contact with the stator poles. Figure 6-13 shows a 
support system for the rotor. The bearing housing and 
the bearings keep the rotor centered in the stator field. 

In this case ball bearings are pressed into the mo¬ 
tor’s in-plates, or the bearing housing. The outer race 
of bearings is held firmly by the housing so that it will 
not turn. The shaft of the motor is run through the inner 
race of the bearings. The inner race should turn easily 
and is pressed fitted to the shaft so that it will turn as the 
shaft turns. The inner and outer races are designed and 
constructed to hold the individual bearings. Because 
there is no friction between the races and the turning 
shaft, the races and ball bearings can be made of high- 
grade steel to ensure a long life. 

The bearing housing helps protect the bearings 
from dust, dirt, other abrasives, and contaminants that 
might attack the bearings. End caps and other protec¬ 
tive components are usually used on the motor to 
prevent entry of these destructive materials which will 
greatly reduce the life of the bearings. 

To enhance the cooling process of the bearings, the 
end plates in this case have fins. This increases the 
surface area exposed to the air surrounding the motor 
to effectively remove heat from the bearings and other 
electrical parts of the motor. 
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Figure 6-13. Exploded view of motor showing rotor support. {Courtesy General Electric Corp) 


A fan is mounted on the rotor shaft to help cool the 
total machine. The housing may be entirely closed or it 
may have ventilation holes to allow the free passage of 
air through the interior of the motor. In some cases, the 
ventilation holes may be in both ends of the motor, or 
they may be in only one end. This depends on the mo¬ 
tor’s application and the type of enclosure selected. 
Like the transformer, high temperatures cause failures 
in motor parts, and some method must be used to re¬ 
duce the heat to acceptable levels. 

Bearings 

Motors use two types of bearings. These are ball 
bearings and sleeve bearings, (sometimes called a 
bushing). Sleeve bearings are normally, but not al¬ 
ways, used on small fractional-horsepower motors up 
to one-half horsepower. Ball bearings are used on 
larger motors, but they may also be used on smaller 
motors. 

Where there is end thrust on the motor, ball bearings 
are recommended. End thrust is present any time the 
motor and load are connected together with a belt, 
chain, or gears. End thrust causes abnormal wear on 


sleeve bearings, resulting in the interior circle becom¬ 
ing egg-shaped. 

Sleeve bearings are less expensive than ball bear¬ 
ings, and they have a lower noise output. They can be 
used more effectively when the mechanical load is 
connected directly to the shaft. This includes such 
applications as fan, blower, and pump operations. 

Ball bearings are of three basic types. They are the 
open, shielded, and sealed bearings. The environment 
in which they are going to operate determines which 
type is used. Sealed bearings can be used in all cases, 
whereas open bearings could not be utilized in areas 
where the bearing is exposed to dirt and corrosive 
materials. Under these conditions, shield or sealed 
bearings would be needed. 

When the motor comes from the manufacturer, the 
bearings are packed in grease. Because of the relative 
high temperatures involved, the grease is usually rated 
at 150®C or above. Special grease is used by some 
manufacturers, and substitutes cannot be used without 
completely cleaning out the grease already in the 
housing. The different types of grease are not always 
compatible and will not mix well together. In some 
cases they will form a gummy mixture which will 
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completely destroy the bearings. Manufacturer’s speci¬ 
fications should be carefully followed when replacing 
the grease. 

This problem is overcome if sealed bearings are 
used. These bearings come prelubricated and need no 
maintenance. The sealed bearing is designed for the 
life of the machine. They do fail, however, and should 
be checked during regular maintenance procedures. 
Sealed bearings are more expensive than other types. 

The type of bearings used in motors should be 
selected carefully based on how the motor is going to 
be used. Consideration is needed in terms of the motor 
speed and if continuous or intermittent operation is 
proposed for the motor. How the motor is to be mounted 
is important. Horizontal, vertical, or some angular 
displacements all have different requirements in terms 
of the stress on the bearings. 

Vertical mounted motors used as turbine pumps 
often have several sets of bearings along the shaft to 
compensate for the different forces placed on them. 
Figure 6-14 depicts the typical upper bearing con¬ 
struction for a vertically mounted pump. Three sets of 
thrust bearings are used on the shaft. 

The thrust bearings are angular-contact ball bear¬ 
ings. They are easily manufactured and have an ade¬ 
quate life expectancy at reasonable cost. Usually, no 
special cooling considerations need be given to them 
(Figure 6-15). 


These bearings have an extended or heavy shoulder 
on one end of the outer ring. A counterbored shoulder 
is used on the other end. With the application of heat, 
the counterbored shoulder allows more bearings to be 
inserted into the race than is possible with the standard 
radial deep-groove bearing. The extended shoulder 
allows angular contact between the shaft and bearing 
during times of high thrust. 

Angular-contact bearings may be used singularly or 
may be stacked as shown in Figure 6-14. The heavy or 
extended shoulder on one end, and the counterbored 
shoulder on the other, provide for a high thrust in only 
one direction. The bearings may be mounted opposite 
to each other in a stack to provide protection in both 
directions. 

When replacing bearings on one of these motors, 
the electrician should note the particular arrangement. 
It would be easy to make an improper application. 

Angular-contact bearings used singularly will handle 
thrust loads of 8000 pounds at 1760 RPM, Used in 
tandem or stacked, thrusts of approximately 15,000 
pounds can be applied without failure of the bearings. 

For loads greater than 15,(XX) pounds, spherical- 
roller thrust bearings are used to carry the down-thrust. 
The lower guide bearing will cany the upthrust. Radial 
stability is insured by keeping the bearings in contact 
with the shaft under these conditions by a set of springs 
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Figure 6-14. Typical upper bearing construction for solid-shaft weather-protected motor. 
(Courtesy General Electric Corp.) 
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Figure 6-15. Cross-section view of angular-contact 
ball bearing. (Courtesy General Electric Corp.) 

which push up against the lower race of the thrust 
bearings. Because spring pressure will be several thou¬ 
sand pounds, depending on design, considerable pres¬ 
sure is imposed on the guide bearing if the external 
down-pressure is not sufficient to overcome the spring 
pressure. It is important that consideration be given to 
the minimum pump total down-thrust requirement to 
insure that the springs are not loaded under normal 
operating conditions. 

Spherical-roller thrust bearings are often water cooled. 
Cooling coils with water flowing through them are 
installed in the oil reservoir. 

Special conditions can also influence the type of 
bearing to be specified for a motor. There may be end 
play limitations imposed by the pump seal or the 
possibility that the motor may be off-line for consider¬ 
able periods of time. Other possibilities are that on-off 
cycles may be frequent, or that the motor must be 
reversed for each stop. There are many factors perti¬ 
nent to any given installation that could influence the 
type of bearing. These special conditions should be 
discussed with the supplier. 

Specifications requiring the motor manufacturer to 
meet unreasonable thrust requirements and extended 
life for the bearings should be avoided if at ail possible. 
These specifications can be met with larger bearings 
and special cooling features. However, larger bearings 
cause a loss in efficiency, and oil foaming, vaporiza¬ 
tion, and leakage become more difficult to prevent. 

Bearings eventually fail due to metal fatigue, even 
when operated under normal conditions. When speci¬ 
fying bearing life expectancy, the hours of operation 
and conditions under which the motor is going to 
perform must be considered. The lower cost of smaller 
bearings, and the necessity for replacing them more 
frequently, need to be balanced against the increased 
cost for larger bearings and their inherent inefficiency 
losses. 

The minimum life expectancy of bearings is statis¬ 
tically predictable based on the operating conditions. 


A B-10 rating for vertical motors means that under 
continuous operation for 1 year (8760 hours) at rated 
speed, only 10% of the bearings are expected to fail. 
For in-line published thrusts, this rating is good for 2 
years. 

When rated average life is given, 50% of bearings 
will provide satisfactory service under the conditions 
specified. This value is usually about five times the 
minimum life of the bearing. 

Ball bearing failures vary inversely with the third 
power of the imposed load. If the average life of a 
bearing at a given load is 3 years, then under half load, 
it will last eight times longer, or 24 years. It is not 
reasonable to assume this long a life for any bearing 
with maintenance procedures being what they are in 
most cases. A 15- to 20-year life expectancy would 
probably be closer to the truth provided routine main¬ 
tenance is performed. 

There is no guarantee that any particular bearing 
will achieve the life expectancy predicted. The manu¬ 
facturer’s warranty, usually 1 year, is the only assur¬ 
ance available. 

Sleeve bearings, which are often used on fractional 
horsepower motors, are made from babbitt, brass, or 
bronze. Graphite may be impregnated into die metal to 
enhance the lubrication. Because the metal in these 
bearings is much softer than the steel shaft of the 
motor, the bearing will wear rather than the motor 
shaft. 

Sleeve bearings are merely a modified tube or pipe 
with the inner surface machined to the proper diameter 
for the shaft. The shaft of the motor is separated from 
the bearing by a thin film of oil. Slots are cut into the 
bearing to allow oil to be picked up by a felt wick from 
the oil reservoir and distributed between shaft and 
bearing. Figure 6-16 depicts a sleeve bearing, and 
Figure 6-17 shows the bearing installed in the bell 
housing. 



Figure 6-16. Sleeve bearing. 

Motor Enclosure 

The motor enclosure consists of the two bell housings 
(bearing housing) on the ends of the motor and the coil 
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Figure 6-17. Cross-sectional view of installed sleeve bearing. 


frame bolted between them. Mounting brackets may 
be part of the bell housing, welded to the coil frame, or 
there may be a specially designed frame to hold the 
motor. 

There are two basic defined enclosures. They are 
the totally enclosed (TE) motor and the totally open 
motor (TO). Open motors depend on the free flow of 
air through the motor to ventilate the heat. Totally en¬ 
closed motors depend on the surface area of the motor 
for the same purpose. Either type of motor may have 
auxiliary methods for cooling such as forced air, fans, 
piped ventilation systems, addition of fins to increase 
the surface area, or even water jackets to provide 
cooling. 

Totally enclosed motors have no ventilation holes 
either in the peripheral or the end plates. Cooling is 
completely dependent on the transfer of heat from the 
case to the surrounding atmosphere. There is no free 
flow of air through the windings. If the motor is driving 
a fan that causes air to move across the case, the motor 
is designated as having a TE enclosure. If the motor is 
not to be located in a moving airstream and is TE, the 
designation would be totally enclosed nonventilated 
(TENV). 

Figure 6-18 illustrates both types. The motor at the 
top with the single shaft would be the nonventilating 
type if it does not drive a fan as a load which pulls air 
across the frame. The TE motor with the shaft extend¬ 
ing from both ends of the motor has the provision for 
the fan regardless of the type of load. The fan is 
mounted on the shaft opposite the drive end to direct 
the air currents over the motor’s case. A shroud may be 
used to force the air in contact with the motor. This type 
of cooling is also known as the “blast cooled” method. 



Figure 6-18. Totallyenclosedmotors. 
{Courtesy Fasco Distributing Co.) 


The TE fan-cooled enclosure is designated TEFC. 
A fan is mounted on the rotor shaft inside the motor. 
Air going into the motor may be filtered, and the forced 
air coming out prevents the entry of contaminants. 
Figure 6-19 depicts a General Electric motor of this 
type. 
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Figure 6~19. Totally enclosed fan-cooled motor. {Courtesy General Electric Corp) 


A totally open (TO) enclosure provides the maxi¬ 
mum ventilation. Figure 6-20 shows this type of 
enclosure. There are holes in the bell housing as well 
as all the way around the coil housing. Air is allowed 
to circulate freely through the motor windings. Usu¬ 
ally a fan is mounted on the shaft to enhance the flow 
of air through the motor. 



Figure 6-20. Totally open enclosure. 

{Courtesy Fasco Distributing Co.) 

The TO enclosure may be modified so that the 
ventilation holes are located only at the bottom of the 
motor. This type of arrangement is often used in 
environments where moisture may enter the motor 
through the top openings. Typical applications for this 


type of enclosure are for window air conditioners or for 
condenser fan motors. 

There are other modifications made on the TO to 
meet environmental needs and still insure adequate 
ventilation. Only the up end is enclosed on some 
motors. This design is used on motors that operate in 
the vertical position. The shaft may be either up or 
down. The end plate which faces up is enclosed to 
prevent the entrance of rain or other foreign matter. 

Another modification which is frequendy used is 
the open dripproof enclosure. Ventilation holes are 
located so that moisture cannot enter the motor easily. 
Usually the end plates will be closed as is the top of the 
motor. Peripheral holes will only be located in the 
lower half of the enclosure. Figure 6-21 illustrates this 
design. 

The enclosures are sometimes modified to permit a 
blower attachment to the housing. Figure 6-22 depicts 
a blower mounted on a motor. This design allows the 
blower to be rotated in 90° increments. The blower 
may be mounted on either side or on the top as shown. 
The air being drawn into the motor can be filtered if 
necessary. 

Commutator and Brushes 

Commutators and brushes are used on all DC genera¬ 
tors and DC motors. They are also used on some AC 
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Figure 6-21. Dripproof fully guarded motor. (Courtesy General Electric Corp.) 


motors such as the repulsion, synchronous, and univer¬ 
sal motors. 

All generators produce a sine wave, or AC currents 
when the rotor turns in the magnetic field. The commu¬ 
tator on the DC generator converts the AC into pulsat¬ 
ing DC. The commutator assures that the current from 
the generator always flows in one direction. The brushes 
ride on the commutator and make good electrical 
connections between the generator and the load. 

On DC and most AC motors the purpose of the 
commutator is to insure that the current flowing through 
the rotor windings is always in the same direction, and 
the proper coil on the rotor is energized in respect to the 
field coils. By mechanically positioning the brushes on 
the commutator, an angle of displacement can be set up 
between the magnetic force of the field windings and 
the magnetic force of the rotor windings. The theory of 
operation will be discussed in principles of operation, 
below, and in Chapter 7 when commutators are used 
for a particular type of motor. 

Figures 6-11 and 6-13 show the commutator mounted 
on the shaft with the armature. Figure 6-23 identifies 
the parts of the commutator. 

The segments of the commutator are usually made 
of copper and are separated from each other by mica 
insulation. The mica is cut so that it lies below the 


copper segments. Slots are cut in the riser on the 
commutator to facilitate the soldering of the ends of 
the coils. There are twice the number of segments on 
the commutator as there are slots in the laminated core 
for the coils. 

Pressed against the commutator and held by spring 
tension are the brushes. Brushes are usually made of a 
graphite substance which is softer than the copper 
segments. Brush wear will, therefore, be greater than 
that of the commutator, and they will need to be 
replaced more often. Figure 6-24 depicts the exploded 
view of the brush holder, bush, spring clip, and cover 
of a DC motor manufactured by General Electric 
Corporation. 

Centrifugal Switches 

Centrifugal switches are mounted inside the motor. 
These switches have two parts, the stationary part 
which is the switching mechanism, and the rotating 
part which is a set of spring loaded weights. The 
rotating spring-loaded weights are sometimes referred 
to as a governor. The governor will be activated when 
the speed of the motor reaches a predetermined RPM 
to create a centrifugal force necessary to overcome the 
force of the springs holding the weights. Contacts on 
the switching mechanism can either be opened or 
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Figure 6-22. Motor with blower attachment. {Courtesy General Electric Corp.) 
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Figure 6-23. Parts of the commutator. 


closed depending on the requirements of the particular 
type of motor. 

There are many different types of design for cen¬ 
trifugal switches. Figure 6-25 illustrates one of these 
switching arrangements. Figure 6-26 depicts the ac¬ 
tion of the switch when the rotor is not turning, and 
after the rotor is up to speed. 

As shown in Figure 6-26, the force of the gover¬ 
nor’s spring action ov^comes the force of the spring 


on the centrifugal switch when the rotor is stopped. 
The spring on the centrifugal switch is compress^ by 
this action, wanting to push the switch open. When the 
motor comes up to spe^, the governor opens allowing 
the compressed spring on the switch to force the 
contacts open. 

These switches are commonly used to open the 
starting windings on motors when they reach 80% to 
90% of their synchronous speed or to switch compo¬ 
nents such as capacitors on capacitor-start-run motors. 
They are also a trouble point on motors and require 
maintenance. 

Capacitor 

A capacitor is used in some motors to provide greater 
starting torque or to improve running conditions. 
Capacitors are constructed of two conductive plates 
separated by an insulator. They store electrical energy 
and provide for a leading current All capacitors have 
these qualities, but they differ in construction and in 
the type of dielectric used. 
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Figure 6-24. Exploded view of a brush assembly. 
{Courtesy General Electric Corp.) 
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Figure 6-25. Centrifugal switch. 

Motors utilize two basic types of capacitors in their 
operation. These are the oil-filled capacitor and the 
electrolytic type. 
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Figure 6-26. Operation of the centrifugal switch. 


Oil-filled capacitors are used mostly on permanent- 
split capacitor motors. Electrolytic capacitors, which 
can have very high capacitances for their size, are used 
for motor starting. Electrolytic capacitors can only be 
kept in the circuit for a short period of time because 
alternating current breaks down their thin film of 
insulation. If the centrifugal switch fails to open, there 
is a good chance the electrolytic capacitor will be 
destroyed. 

The capacitors are rated in microfarads and volts. 
Capacitors for motor starting may range from 2 to 800 
microfarads depending on the use, type, and size. The 
voltage rating will normally be given in volts alternat¬ 
ing current (VAC). 

Capacitors are often mounted on the top of the 
motor. Figure 6-18 shows this arrangement on the 
motor at the bottom of the illustration. 

Capacitor problems can cause a motor not to start or 
to run improperly. The capacitor may open, short, or 
change in value to cause these problems. Under these 
circumstances, the capacitor will have to be replaced. 
Care should be taken to replace it with the original 
value of capacitance and voltage rating. Improper 
application of the farad rating can cause voltage rises 
in excess of the voltage ratings of the capacitor and the 
windings. A capacitor rated at a higher voltage can be 
used, but a smaller-value capacitor must never be 
installed. 

Thermal Protectors 

Although thermal protectors are sometimes called ther¬ 
mal relays, these devices do not have a coil. They consist 
of a bimetallic strip, and when heated beyond a given 
temperature, the movable contacts will curl upward 
breaking the electrical circuit. This is due to the differ¬ 
ence in expansion rates of the two dissimilar metals. 

These devices are not found on all motors, but they 
are installed on many as added protection. They are 
commonly used on hermetically sealed units and on 
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motors that have loads that are likely to cause a lock 
rotor condition. A good example of the latter is the use 
on a garbage disposal where a piece of silverware or 
bone will inadvertently become lodged in the shredder 
at some point during the life of the device. 

Some thermal relays have heaters as shown in 
Figure 6-27. Others depend solely on the heating of 
the bimetallic strip by any overcurrent flowing through 
it to deactivate the motor. 

RESET 

BUTTON 

\ 

\ 



ADJUSTMENT 


BIMETALLIC 

MOVABLE 



Figure 6-27. Thermal protector for motor. 


The adjustment screw at the bottom of the device 
provides for setting a higher or lower temperature at 
which the relay will deactivate the motor. This is 


normally set at the factory. The value at which it is set 
is based on the class of insulation used. 

A manual reset button allows the thermal breaker to 
be reset after the bimetallic strip has cooled. Some 
thermal breakers do not have this feature and must be 
replaced once they have operated. These are seldom 
used for modem motor applications. 

Others automatically reset when the strip lias cooled. 
When a motor has the automatic reset feature, care 
should be taken when working on the motor. It can 
suddenly restart without warning unless the control 
circuit is designed to prevent this. 

The contacts to complete the circuit to the coils are 
normally 1 and 2, and the heater is connected between 
terminals 2and 3. When thermal protectors are used on 
single-voltage motors and the higher voltage of dual- 
voltage motors, terminal 2 is not used. Figure 6-28 
illustrates this arrangement. 

If the same wiring were used for the lower voltage 
on a dual-voltage motor, twice the current would flow 
through the heater with the motor windings in parallel 
with each other. This would result in four times the 
power being dissipated by the heater to the bimetallic 
strip. The result would be that the motor would be 
disconnected from the line even when operating under 
normal conditions. 


THERMAL 

BREAKER 



Figure 6-28. Thermal protection wiring for 
single-voltage motors and the higher voltage 
on a dual-voltage motor. 

Figure 6-29 provides the wiring diagram for the 
thermal protector when the lower voltage is used for a 
dual-voltage motor. In this case, the heater is in series 
with only one of the running windings. This allows the 
same amount of current to pass through the heater as 
the higher voltage configuration in Figure 6-28. Note 
that terminal 2 is used under these conditions. 

Thermal breakers are sometimes mounted on the 
terminal board of the motor or on the enclosure. At 
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Figure 6-29. Thermal protection wiring for the lower 
voltage on a dual-voltage motor. 

times they are embedded into the windings of the 
motor to better sense the temperature on the insulation 
itself. When this arrangement is used, care should be 
taken in the event the breaker must be replaced. It is 
easy to damage the wiring insulation which could 
result in motor failure. When the breakers are embed¬ 
ded, they are normally of the automatic reset type. 

A motor may have thermal protection provided 
under three different sets of circumstances. These are 

• “OVER TEMP PROT 1.” Thermal protection is 
provided for the windings under locked-rotor 
conditions. Table 6-5 gives NEMA standards 
for the maximum and average temperatures in 
degrees Centigrade for the four classes of 
insulation. 

Table 6-S. NEMA Standards for Maximum Wmding 
Temperature under Locked-Rotor Conditions* 

Type of Protector Maximum Temperature (*C) 


Insulation System Class 
A B F H 


Automatic Reset 

During First Hour 

200 

225 

250 

275 

After First Hour 

175 

200 

225 

250 

Manual Reset 

During First Hour 

200 

225 

250 

275 

After First Hour 

175 

200 

225 

250 


♦Assumed ambient temperature of 25®C. 


• “OVER TEMP PROT 2.” Under these circum¬ 
stance the motor is running continuously under 
full load. The maximum allowable temperatures 


are shown in Table 6-6. When a motor is 
marked with this notation, it does not have 
locked-rotor protection. 

• “OVER TEMP PROT 3.” When this marking 
appears on the motor, the manufacturer needs to 
be consulted for the type of protection and the 
maximum allowable temperature on the wind¬ 
ings. Manufacturer’s specifications should be 
followed. 


Table 6-6. NEMA Standards for Maximum Winding 
Temperature for Maximum Continuous Load* 


Insulation System 
Class 

Maximum Temperature 

CC) 

A 

140 

B 

165 

F 

190 

H 

215 


♦Assumed ambient temperature of 29®C. 


Principles of Operation 

Motor operation is dependent on the interaction of 
magnetic fields. To understand how a motor operates, 
the rules of magnetism need to be defined along with 
the relationship that exists between current flow and 
magnetic fields. 

Magnetism 

The first magnetic material was discovered by the 
ancient Greeks in an area around Magnesia in Asia 
Minor over 2000 years ago. The Greeks called this 
material lodestone, or leading stone, because when the 
rock was suspended and was free to turn, it always 
pointed in the same direction. 

This brings us to our first definition. The end of the 
magnet which points toward the north geographic pole 
of the earth is defined as the north pole of the magnet. 
Actually, the magnet points to the north magnetic pole 
of the earth, which is slightly displaced from the 
earth’s north geographic pole. The earth can be seen as 
an immense bar magnet. Figure 6-30 illustrates this 
definition. 

The lines of magnetic force which cause the com¬ 
pass to align itself in Figure 6-30 are called flux lines. 
They are invisible to the eye, but their presence can be 
seen if iron filings are sprinkled on a piece of plastic 
placed on top of a magnet Figure 6-31 shows the 
results. Although this is a two-dimensional drawing, 
the flux lines surround the bar magnet in all directions. 
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Figure 6-30. Defining the north pole of a magnet. 



Figure 6-31. Effects of a magnetic field 
on iron filings. 

An examination of the pattern produced by the 
magnet in the iron filings provides no clue as to the 
direction of the flux lines. In order to explain the 
effects of magnetism in common terms that could be 
understood by the scientific community, it became 
necessary to define the direction of the field. By 
definition, the flux lines are specified as leaving the 
north pole of a magnet and entering the south pole. 
Figure 6-32 depicts this definition. 

There are two noticeable effects that can be felt if 
two bar magnets are brought together. In one case, the 
magnets will be attracted to each other, and in the other 
case, they will push each other apart. Because the poles 
of the magnet have been defined, it can be concluded 
that like poles of a magnet repels and unlike poles of 
magnets attract each other. 



Figure 6-32. Direction of flux lines. 

Figure 6-33 illustrates the effect on the iron filings 
when two like poles are brought together. Figure 6-34 
provides the pattern when unlike poles are in close 
proximity of each other. It is the attracting and repuls¬ 
ing forces of the magnetic field that make possible the 
operation of a motor. 



Figure 6-33. Effect of like poles on iron filings. 

If a magnetic material is placed in the flux field, the 
flux lines will concentrate themselves through the 
magnetic material. The flux lines tend to take the path 
of lowest reluctance. Figure 6-35 depicts this phe¬ 
nomenon. The stator core of a motor is contoured to fit 
the rotor’s configuration to enhance the passage of the 
flux field between stator and rotor, thereby reducing 
the amount of flux leakage which would increase the 
motor’s losses and reduce its efficiency. 

Using Figures 6-30 through 6-35, some of the char¬ 
acteristics of flux lines can be discerned. The basic 
rules of flux lines are that they 
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Figure 6-35. Effect of placing magnetic material 
in the flux field. 


1. Always form closed loops. The number of flux 
lines that leave the north pole of a magnet 
must enter the south pole. This can be com¬ 
pared to current flow where the number of 
electrons leaving the negative pole of a source 
must return to the positive pole. 

2. Never cross each other. 

3. Repel each other when traveling in the same 
direction. 

4. Magnetically cancel each other’s effect when 
going in the opposite direction. 

5. Take the path of least reluctance. 

6. Pass through all materials. 

The principles of how a motor turns can be illus¬ 
trated using a compass and a bar magnet. If a compass 
is used to represent the rotor of a motor, and a bar 
magnet is used as the field, the motor effect can be 
shown. 


As the bar magnet is rotated around the compass, 
the compass’s pointer rotates with the magnet (Figure 
6-36). When the bar magnet is located in one position, 
the compass needle aligns itself with the field and 
remains in one position. For the rotor of a motor to turn, 
it is necessary to have a rotating magnetic field. 

Electromagnetism 

Although Figure 6-36 illustrates the ability of perma¬ 
nent magnets to interact and cause rotation of an 
armature, in practice, this is done with electricity. 
There are a few basic rules that need to be studied in 
order to understand how current flow and the resulting 
magnetic fields interact to cause motor action. 

Figure 6-1 depicted Oersted’s discovery of electro¬ 
magnetism. It was not by chance that the needle of the 
compass is pointing down. If the compass is put on top 
of the conductor, it will swing 180 degrees and point up 
on the page. Figure 6-37 shows this effect. 

Reversing the direction of current through the con¬ 
ductor will once again cause the pointer to swing to the 
down position. Figure 6-38 shows this change. Which 
way the needle of the compass will point can be 
predicted using the “left-hand rule.” 

If the conductor is gripped with the left hand with 
the thumb pointing toward the positive pole of the 
battery, or in the direction of current flow, then the 
fingers around the conductor indicate the direction of 
the magnetic field around the conductor. Because the 
flux field enters the south pole and exits the north pole 
of a magnet, the pointer on the compass will align itself 
accordingly. Figure 6-39 illustrates the “left-hand 
rule” for conductors. 

The magnetic field around the conductor forms 
concentric circles and has no magnetic polarity. That 
is, the field does not have a north and south pole. If the 
conductor is formed into a loop, the individual fields 
will combine to form magnetic poles. 

Figure 6-40 shows a conductor formed into a coil 
around an iron core. The direction of current flow in 
the coil is indicated by the arrows inside the conductor. 
The individual magnetic fields around the conductor 
are represented by the dotted circles with the arrows to 
indicate their individual direction. Notice that the 
arrows combine in the same direction in the iron to 
form magnetic poles. 

The polarity of the magnetic field formed in this 
way can be found using the “left-hand rule” for coils. 
The fingers of the left hand encircle the coil in the 
direction of current flow. The thumb will point to the 
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Figure 6-36. Effect of rotating a bar magnet around a compass. 



N 



Figure 6-37. Needle of a compass reverses direction 
when compass is placed on top of the conductor. 



Figure 6-38. Direction of pointer reverses with 
change in direction of current flow. 

north pole of the resulting magnetic field. The concen¬ 
trated flux lines leave the north pole of the electromag¬ 
net and enter the soutli pole. 

Reversing the direction of current in the coil will 
result in the north and south poles switching ends. To 
predict this, the left hand must be reversed to reflect the 
change in direction of the current, with the thumb now 
pointing to the opposite end. 


CURRENT FLOW 



Figure 6-39. Left-hand rule for conductors. 
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Generator Principles 

A generator is an electromagnetic device that converts 
mechanical energy into electric energy. To better 
understand the principles of motor operation, it is 
helpful to know how a generator performs this task. 

When the flux field of a magnet cuts through a 
conductor, a voltage is induced into the conductor, and 
a current will flow if the conductor forms a closed loop. 
The secret to the existence of this phenomenon lies in 
the word “cut.”There must be relative motion between 
the conductor and the flux field. If a magnet is merely 
setting in the proximity of a coil, no voltage will be 
induced. If either the coil or the magnet is moved, a 
voltage will be induced. If both are moved at the same 
time in the same direction, and at the same rate of 
speed, no voltage will result in the coil. There must be 
relative motion between the two. 

Maximum voltage will be induced if the field 
passes through the conductor perpendicularly or at a 
right angle. Lesser voltages will be induced at angles 
less than 90 degrees, with no voltage induced when the 
flux lines are moving parallel to the conductor. 

The voltage induced at any given angle is based on 
the sine wave function of the trigonometry tables. 
Because of the circular motion of the rotor, all power 
generators produce AC according to the sine function. 

Figure 6-41 illustrates a simple AC generator using 
a single loop of wire which is rotated clockwise in the 
magnetic field. The flux field can be provided either by 
a permanent magnet or an electromagnet. Permanent 
magnets have limited use for this purpose. They are 
normally used only on small generators where small 
currents are required. Electromagnets are normally 
used because they can produce stronger fields, and the 
amount of flux can be adjusted by regulating the 
amount of current in the field windings to compensate 
for changes in the speed of rotation and voltage drop at 
the output due to changes in the load. 

For each volt of output, a single loop must cut 
100,000,000 flux lines in 1 second. To obtain commer¬ 
cial power, multiple windings in series are used to form 
a coil. Voltages induced in the single loops become 
additive and provide higher voltages out for the same 
flux density. 

In position 1, the conductors are moving parallel to 
the flux lines and no voltage is induced. At position 2, 
the loop is cutting the maximum number of flux lines 
and the maximum positive voltage is present at the 
brushes. As the loop passes through this point and 
progresses to position 3, the voltage is falling until it 
reaches zero when the loop is once again moving 


parallel to the flux field. As the loop passes though 
position three the voltage swings negative reaching its 
maximum value in that direction at position 4. The 
loop then returns to its starting point, where, once 
again no voltage is induced. 

Half the maximum voltage will be induced when 
the conductor is at 30 degrees. Approximately seventy 
percent will be present at 45 degrees, and the output 
will be 86.6% at 60 degrees. The amount of voltage can 
be changed by either changing the rate of speed of the 
rotor or the strength of the magnetic field. 

Each end of the loop is attached to a slip ring which 
rotates with the loop. A single-phase generator will 
have one set of slip rings. Two-phase generators will 
have two sets, and three-phase generators will have 
three sets. Brushes ride on the slip rings to remove the 
voltage from the generator. 

If either the direction of rotation of the loop or that 
of the magnetic field is reversed, the polarity of the 
output will be also reversed. For example, in Figure 
6-41, reversing rotation would cause the output to go 
negative first. The output sine wave would then start at 
position 3 instead of position 1. 

Polarity, which is defined as the direction of current 
flow, can be determined for a generator by the “left- 
hand rule” for that device. Figure 6-42 shows how to 
apply this rule. 

The index finger points in the direction of the flux 
field. This has been defined as being from the north 
pole to the south pole of the magnet. The thumb is then 
pointed in the direction of rotation of the conductor 
through the field, and the middle finger will provide 
the direction of the current flow in the conductor. Note 
that within the generator, electrons flow from the 
positive pole to the negative pole. Externally, electron 
flow is from the negative pole back to the positive pole. 

To convert an AC generator into a DC generator, the 
slip rings would be replaced by a commutator. Each 
end of the loop would then be connected to a separate 
segment of the commutator. The segments are electri¬ 
cally insulated from each other. 

Figure 6-43 shows this arrangement with the result¬ 
ing output. The AC is converted to DC because the 
brushes always ride on the segment attached to the 
loop that is passing through the magnetic field in the 
same direction. 

The brushes change from one segment to the other 
at the point where the loop is moving parallel to the 
magnetic flux lines. At this instant, no voltage is being 
induced into the loop of wire. This point is defined as 
the neutral plane of the generator. If the commutation 
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Figure 6-41. AC generator. 


occurs at any point other than at the neutral plane, high 
currents will result due to the brushes shorting out the 
segments when voltage is present. This condition 
causes considerable arcing. Arcing can destroy the 
brushes and cause possible damage to the commutator. 

Polarity of the output voltage is dependent on the 


direction of rotation of the generator. The polarity 
shown in Figure 6-43 is determined by assuming the 
loop on the right is moving down through the field, 
while the loop on the left is moving up. Check this 
assumption using the left-hand rule. 

When the generator is loaded, the current supplying 
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Figure 6-42* Left-hand rule for generators. 

this load creates its own magnetic field. This field will 
be in such a direction as to oppose the field that caused 
it. 

This opposing force can be readily demonstrated 
using a megger. Crank a megger with its leads discon¬ 
nected and with them shorted. In the first case, the 
crank will turn freely. When the output is shorted, 
however, the crank will be very difficult to turn. Lenz*s 
law is applicable. 

Direct Current Motors 

Our simple DC motor looks just like the DC generator. 
In fact, if voltage is applied to the loop of wire and 
current flows, a magnetic field will be created that will 
interact with the field of the magnet.'The repulsion and 
attraction of the two fields will cause the loop to turn. 
Figure 6-44 helps explain why this is true. Looking 
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Figure 6-43. DC generator. 
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Figure 6-44. Interaction of the rotor and armature fields 
of a simple DC motor. 

at the two ends of the loop, current is flowing into the 
loop on the right side and out of the loop on the left. 
Applying the left-hand rule for conductors, the direc¬ 
tion of the magnetic field around the conductor on the 
right is counterclockwise, and the direction of the field 
around the conductor on the left is clockwise. 

Under these conditions, the magnetic field of the 
conductor on the right opposes the field of the magnet 
at the top. This weakens the total field at this point. The 
fields at the bottom of the conductor reinforce each 
other. 
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Just the opposite is true of the conductor on the left 
because of the change in direction of current flow. The 
field at the top of the conductor is strengthened, and the 
field at the bottom is weakened. 

When the fields oppose each other, the total strength 
of the field in that area is weakened. On the other hand, 
when the fields are in the same direction, the total field 
now becomes stronger. This causes the loop to move 
away from the strong field toward the weak field. 
Under these circumstances the loop will turn in a 
counterclockwise direction. Reversing the direction of 
current would cause the loop to turn in a clockwise 
direction. 



DIRECTION OF 
CURRENT FLOW 


Figure 6-45. Right-hand rule for motors. 

The direction of rotation can be determined by 
using the “right-hand rule” for motors. Figure 6-45 
illustrates this rule. Apply this rule to Figure 6-44 to 
verify the direction of rotation of the loop. 

Another approach to the theory of operation of a DC 


COMMUTATOR 

SEGMENTS 



Figure 6-46. Basic DC motor. 


motor is to use an iron core inductor as the rotor with 
each end of the coil connected to a segment of a 
commutator. By increasing the number of turns in the 
loop of the armature and adding an iron core, the 
magnetic field is increased, and increased torque is 
obtained. Figure 6-46 shows this arrangement 
When the left-hand rule for coils is applied to the 
drawing in Figure 6-46, it is found that like poles of the 
field and armature are opposite each other. This is 
shown in Figure 6-47 as Position 1. 



POSITION 3 



139 
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Because like poles repel, and the armature is free to 
turn, it will begin to rotate. The direction of rotation 
will be in a clockwise direction. The armature will 
move toward its neutral plane. This is shown as posi¬ 
tion 2. 

The gap in the commutator has been positioned 
forward of the neutral plane in this case. The reason for 
this is that when commutation takes place, current in 
the windings does not reverse immediately due to the 
self-inductance of the collapsing field in the windings. 
This in turn causes arcing at the brushes during com¬ 
mutation. The arcing can be reduced by moving the 
brushes against the direction of rotation and taking 
advantage of the counterelectromagnetic force (counter- 
emf) of the previous pole. This counter-emf comes 
from generator action when the conductors in the 
armature are turning and cutting through the magnetic 
flux of the field. 

When the rotor is at Position 2, the commutator 
segment marked “A” is still in contact with Brush 1, 
and segment *'B” is connected to Brush 2. Therefore, 
the magnetic poles of the rotor have not reversed. 
Inertia will cause the armature to move through the 
neutral field, where its north poles will be attracted by 
the south poles of the field magnet 

Commutation takes place as the armature is moving 
from Position 2 to Position 3. The two segments will 
switch brushes with which they were in contact. At this 
point, the magnetic field of the armature will reverse 
due to a reversal of the direction of current through the 
armature’s coil. 

Even though the pole reversal occurs slightly before 
the armature arrives at Position 3, and like poles are 
approaching each other at this point, the inertia of the 
rotor will carry it to a point where the like poles once 
again will repel each other and continue the clockwise 
motion. 

Polarity remains the same as the armature moves 
through Position 4 and the neutral plane. The unlike 
poles of the two fields will attract each other until 
commutation takes place as the rotor moves back to 
Position 1 to once again be repelled toward Position 2. 

There are two drawbacks with the motor used to 
demonstrate DC motor principles. These are 

1. This type of motor may not start of its own 
initiative. 

2. Once started, the motor does not run smoothly 
and may stop when loaded. 

The motor does not always start because the loop 


may be in the neutral plane and the rotor and stator 
fields do not have any effect on each other. Another 
condition is when the brushes are located at the gap of 
the commutator segments. At this point they may short 
the segments and no current would be supplied to the 
rotor windings. In each case, the rotor would have to be 
given a turn to start it. This is not very practical. 
Direct current motors can be made self-starting by 
adding additional loops in parallel with each other on 
the armature. This type of arrangement requires two 
additional segments on the commutator for each loop. 
Figure 6-48 illustrates this arrangement. 


fWi 



Figure 6-48. Adding additional loop to self-start 
a DC motor. 

As shown in Figure 6-48, one loop would always be 
outside the neutral plane and connected to the battery. 
This would insure the starting of the motor. It would 
not help, however, the erratic operation of the motor or 
its efficiency. One loop is always taking a free ride and 
not contributing to the motor’s torque. How these 
various problems are resolved is discussed in Chapter 
7. 

Alternating Current Motors 

Unlike DC, 60-hertz current is constantly changing in 
amplitude and reverses its direction of flow 120 times 
each second. These reversals are called alternations. 

Because the amplitude of the current is changing, 
the strength of the magnetic field is also constantly 
changing. The alternations cause the polarity of the 
flux field to reverse with the change of direction of 
current through the field windings. 

In order for an AC motor to operate it must have a 
rotating magnetic field. This requirement is automati¬ 
cally met with polyphase motors. Figure 6-49 illus¬ 
trates the rotating magnetic field when three-phase 
power is £^plied to the stator windings of a motor. 

In three-phase systems each of the phase voltages is 
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Figure 6-49. Rotating magnetic field developed by 
three-phase power. 

displaced 120 degrees from each other. This displace¬ 
ment causes the magnetic field to rise and fall at each 
pole in sequence. 

Because of transformer action, the current flowing 
through the stator will set up a constant changing 
magnetic field which will cut the windings of the rotor. 
The current induced in the rotor causes a magnetic 
field to form that is opposite that of the pole which 
caused it. Unlike poles attract. 

At zero degrees the current entering Phase A is 
equal to the two currents of Phases B and C which are 


leaving the motor. The rotor is attracted to the strong 
field of Phase A. 

When Phase A has moved to 30 degrees, Phase B 
has no current. Acurrent equal to that of Phase A leaves 
the motor on Phase C. This causes the field to rotate 
clockwise with the rotor being attracted in that direc¬ 
tion. 

At 60 degrees, the positive currents in Phases A and 
B are equal with the maximum current leaving the 
stator in Phase C. Voltage on Phase A is falling and the 
voltage on Phase B is rising. The rotor continues to turn 
clockwise. 

These sequential events continue for the complete 
cycle until Phase Aagain rises to its maximum positive 
potential. The cycle of rotation is again repeated 60 
times per second. 

Two-phase motors may also be used to produce a 
rotating magnetic field. They differ from three-phase 
motors in that they only require two sets of poles rather 
than three, and the phase displacement is 90 degrees 
instead of 120 degrees. The process of rotation is 
identical. 

For single-phase devices this is not true. When 
power is applied to the stator of the single-phase motor, 
the magnetic pole of the stator attracts the magnetic 
pole of the rotor. As the cycle progresses, this attrac¬ 
tion continues with the rotor remaining stationary. 
Some method must be incorporated into the motor’s 
design to cause a rotating magnetic field in order to 
have the rotor begin to turn. How the rotating magnetic 
field is obtained is what distinguishes one fractional- 
horsepower, single-phase motor from another. This 
topic will be discussed in Chapter 7. 


Questions 

1. Who provided the first reliable source of 
electrical power? What was this source? 

2. Who first noticed the relationship between 
magnetic electric current and magnetic 
fields? 

3. Who received the first patent for an electrical 
motor in the United States? 

4. Explain why electric motors are so important 
in modem society. 

5. Define the term “electric motor.” 

6. How many watts are there in 1 horsepower? 

7. How many classifications are there for the 
purpose of a motor? 
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8. Generally, motors greater than 1 horsepower 

are_-phase motors. 

9. The speed of_motors is easier to 

adjust than that of_motors. 

10. What two factors determine the synchronous 
speed of an AC motor? 

11. What would be the synchronous speed of a 
240 voll/60 hertz, six-pole motor? 

12. Define the slip of a motor. 

13. When are the electrical and mechanical de¬ 
grees of a motor equal to each other? 

14. Standard operating procedure is to have a 
motor rotate in the clockwise direction when 
viewed from the shaft end. True/False. 

15. What is the approximate efficiency of a 
motor that has 1120 watts of input and 
develops 1.25 horsepower output? 

16. Define 

17. What type of device is recommended for 
measuring the torque of a motor? 

18. What is the purpose of a tachometer when 
used with motors? 

19. If a motor’s output is rated at 1 horsepower, 
what would be its output if the voltage was 
reduced 10%? 

20. List the six classifications of motor losses. 

21. List some of the reasons why a motor has 
greater losses than a transformer? 

22. How is the copper loss in the rotor related to 
slip? 

23. Why is the efficiency of a motor so impor¬ 
tant? 

24. The thermal protection on a motor is coded 
“X.” What does this mean? 

25. What class of insulation has the highest 
operating temperature? 

26. Why is the time rating on a motor important? 


27. If a motor has a service factor of 1.15, what 
would this mean? 

28. What are the essential parts of all motors? 

29. There are two types of rotors. Name them. 

30. There are two basic types of bearings used 
with motors. Name them. 

31. The input of a motor is measured in_, 

and the output is rated in_. 

32. What is the principle of operation for a ther¬ 
mal relay? 

33. How is the north pole of a magnet defined? 

34. Like poles of a magnet_, and unlike 

poles_each other, 

35. Magnetic flux lines will take the path of least 

36. In order for the rotor of a motor to turn, a 
_must be present. 

37. The north pole of an electromagnet can be 

determined using the_. 

38. Direction of current flow in the armature of a 
generator can be determined using the 

39. Direction of the rotation of the armature of a 

motor can be determined using the_. 

40. When a conductor is moving parallel to flux 

lines,_volts will be induced. 

41. What is the purpose of the commutator on a 
DC generator? 

42. On what principle does a DC motor operate? 

43. Commutation should take place at the 
_plane to reduce arcing. 

44. How can a single loop DC motor be modified 
to assure it will be self-starting? 

45. The phase displacement for two-phase and 

three-phase motors is_and_ 

degrees, respectively. 
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Fractional-Horsepower Motors 


There are many types of motors on the market today 
that the electrician is required to install, maintain, 
repair, or replace. Some of these motors are very small 
and are classified as fractional-horsqx)wer (FHP) motors. 
These motors are under 1 horsepower. The vast major¬ 
ity of motors in use today will be fractional horsepower 
motors. 


Power Requirements 

Motors are designed to operate on either AC, DC, or on 
AC or DC (universal motors). Voltage requirements 
can be as low as 1.5 volts for FHP motors and as high 
as 6600 volts for multiple-horsepower motors. Alter¬ 
nating current motors are single phase or polyphase. 

The standard frequency for AC motors in this coun¬ 
try is 60 hertz or 60 cycles per second. Other frequen¬ 
cies may be encountered due to special applications. 

Motors under 1 horsepower are normally single¬ 
phase AC or DC motors. Those over 1 horsepower 
usually operate on three-phase AC or DC power. Motor 
designs used primarily for FHP ratings may exceed the 
1 horsepower classification. This is particularly true 
when we talk about DC motors. 

Most three-phase motors are designed with mul¬ 
tiple-horsepower ratings. They are, however, also rated 
below 1 horsepower. In either case, the basic design of 
the motor and its operating theory will be the same. 
Three-phase motors are investigated in Chapter 8. 


Some motors are of the dual-voltage type. The most 
common rating for FHP AC motors would be 115/230 
volts. These motors have two windings for each stator 
pole. The windings are wired in series for the higher 
voltage and in parallel for the lower voltage. 

Speed of Operation 

Motors operate at various designed speeds. There are 
five classifications of motor speed. These are constant, 
adjustable, multispeed, varying, or adjustable-varying 
speed. 

1. Constant speed motors have approximately the 
same RPM from no-load to full-load. 

2. An adjustable-speed motor can have its speed 
varied over a wide range. Once adjusted, how¬ 
ever, the speed remains relatively constant 
provided the load change is within the limits 
of the rating of the motor. There is a minimum 
speed at rated voltage and temperature rise at 
which these motors may be operated. This is 
defined as the base speed. 

3. Multispeed motors operate at two or more 
definite or fixed speeds. Each of these speeds 
remain relatively constant with change in load. 
Most multispeed motors manufactured today 
are not in fact truly multispeed. They are 
really multihorsepower. The windings are 
tapped to produce a weaker magnetic field. 
The weaker field allows the motor under load 
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Table 7-1. RPM of Induction Motors 


to have a greater slip, and thereby run at a 
lower speed. 

For example, if you were to replace a half-horse- 
power multispeed motor with one of 1 horsepower, the 
chances are the motor will run at the same speed for all 
settings of the taps. The load would not be great 
enough to cause sufficient slip to change the RPM. 
Speed of a motor can be checked with a tachometer. 

Some motor manufacturers still provide multispeed 
motors by having two or three sets of field windings. 
This method, however, is more complicated and ex¬ 
pensive. 

4. Varying speed motors change speed with load. 
Usually the speed decreases with an increase 
in loading. 

5. Adjustable varying speed motors have the 
capability of gradual adjustment of speed. 

Once the speed is set, the motor will run at the 
set speed unless the load changes. 

Synchronous Speed 

The synchronous speed of an AC motor is determined 
by the frequency of the source and the number of poles. 
The RPM is calculated by multiplying the frequency 
times 60 and dividing by the number of pairs of poles. 
This was explained in Chapter 6. Some motors are 
designed to operate at synchronous speed. 

Actual speed of the induction motor will be less 
than the synchronous speed. The reason for this is if the 
armature turns exactly at synchronous speed, then the 
magnetic field of the stator windings no longer cuts the 
rotor windings. Under this condition, no current would 
be induced to the rotor windings. With no current flow 
in the armature, no magnetic field will be developed. 

When this happens, there is no longer any torque on 
the rotor, and its speed drops below the synchronous 
speed. When the speed is reduced, magnetic flux lines 
produced by the stator windings again cut the rotor’s 
windings, inducing a current and the resulting mag¬ 
netic field. Torque is again established. 

Actual RPM is approximately 3 to 5% less than 
synchronous speed. Table 7-1 provides some typical 
comparative values between the synchronous speed 
and the actual speed of an induction motor. 

Reversible Motors 

Another feature of motors is the ability to reverse their 
direction of rotation. Some motors are reversible and 
others arc not. How the direction of rotation of a motor 


Pairs of Poles 

Synchronous RPM 

Actual RPM 

Slip (RPM) 

1 

3600 

3492-3420 

108-180 

2 

1800 

1746-1710 

54- 90 

3 

1200 

1164-1140 

36- 60 

4 

900 

873- 855 

27- 45 


can be accomplished is described for each of the 
motors investigated in this text 


Torque 

Torque varies among different types of motors. The 
load will to a great extent determine the type of motor 
to use to meet torque requirements. The various defi¬ 
nitions for torque are explained in Chapter 6. 

Summary 

In order for an electrician to be an effective and 
efficient motor mechanic, he or she must know the 
characteristics of the different motors, their applica¬ 
tions, wiring connections, and how the motor operates. 
These factors are examined for several types of FHP 
induction motors in this chapter. After these topics are 
explored in some detail, the FHP DC motor and the 
universal motor are described. 

Split-Phase Motor 

The split-phase motor was one of the first types of 
single-phase motors used industrially. It is still popu¬ 
lar. These motors are used for machine tools, blowers, 
pumps, washers, dryers, and for a variety of other 
applications. The majority of these motors are manu¬ 
factured in the 1/20 to 1/3 horsepower range. 

Principles of Operation 

All single-phase motors have the common problem of 
how to start them. Figure 7-1 depicts what happens 
when voltage is applied to the run windings of an 
induction motor. 

When an AC voltage is applied to the run windings 
of an induction motor, current passes through the 
windings. This causes a changing magnetic field to 
expand, contract, and change polarity in phase with the 
current. The run windings act as a primary of a trans¬ 
former. Its magnetic field induces a current into the 
secondary, the armature of the motor. 

The current in the armature creates a magnetic field 
that is opposite the magnetic field of the run windings. 
These unlike poles attract each other and prevent the 
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Figure 7*-1. Magnetic attraction between 
the running windings, magnetic field, 
and the rotor’s magnetic field. 

rotor from turning. Under these conditions, a force 
exists only in the horizontal plane, with no vertical 
force to cause the rotor to move. 

When the polarity of the magnetic field changes 
due to the change in polarity of the current, the polarity 
of the rotor field will change in unison. The two fields 
are constantly attracting each other. Therefore the 
rotor is locked in position and will not turn. 

If the rotor is given a spin by hand, it will continue 
to turn and gain speed in the direction in which it is 
turned. The motor will run at an RPM slightly less than 
synchronous speed. 

The reason the armature continues to turn once it is 
started is that the moving rotor is now cutting flux lines 
from the stator. This induces a voltage with a resulting 
current. The impedance of the rotor is almost totally 
reactive. The resulting current lags the voltage by 
almost 90 degrees. This current causes a magnetic field 
that is 90 electrical degrees out of phase with the run 
windings’ field. Because of this generator action in the 
armature, a rotating magnetic field is created which is 
a necessary ingredient to keep it turning. 

It is not very practical to start a split-phase motor 
each time by giving it a turn. Therefore, some way of 
automatically starting the rotation needs to be incorpo¬ 
rated into the motor’s design to do this. 

Stator Windings 

The practical split-phase motor has two sets of wind¬ 
ings on the stator. The first set is the main windings or 
the run windings. The second set is the auxiliary or 
start windings. These two windings are connected in 
parallel with each other. The line voltage is applied 
across both when the motor is energized. Figure 7-2 



Figure 7-2. Displacement of the start and run windings 
for a two pole, split-phase motor. 




Figure 7-3. Circuit for the split-phase motor. 

shows this new arrangement, while Figure 7-3 de¬ 
picts the electrical circuit for the pictorial. 

These two windings differ from each other both 
physically and electrically. The run windings are formed 
from larger wire and have more turns than the start 
windings. They are located in the bottom of the slots on 
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the stator with the start windings wound on top. The 
start windings have fewer turns formed with a smaller 
size of wire. 

For the two-pole motor, the poles of the run and start 
windings are 90 mechanical degrees apart. If their 
windings were electrically the same, the two flux 
fields would be in phase with each other and combine 
to form a single field midway between the run and start 
poles. The rotor would lock in this position with unlike 
poles attracting each other. This was the case when 
only the run windings were connected as shown in 
Figure 7-1. 

The two sets of windings do differ electrically. The 
run windings are more inductive than the start wind¬ 
ings. This is due to the fact that the start windings have 
more resistance than the run windings due to the 
smaller size of wire used to form its coil. 

Figure 7-4 shows the phasor diagrams and sine 
curves for various conditions when an AC voltage is 
applied to different loads. The voltage is the reference 
point at zero degrees. This is because the two windings 
are connected in parallel with each other. The voltage 
is the same across a parallel circuit. Therefore, the 
voltage across the run and start windings will always 
be in phase. 

Parts A and B of Figure 7-4 show two extreme 
conditions for when the circuit is only resistive or 
purely inductive. In a resistive circuit, current and 
voltage are in-phase with each other. Resistance merely 
opposes current flow. On the other hand, if the circuit 
were purely inductive, the current would lag the volt¬ 
age by 9CP, The self-induced voltage across the induc¬ 
tor will always be in such a direction to oppose the 
change in current 

Under normal operating conditions, however, a 
motor is neither purely resistive or purely inductive. 
All wire used to form coils has resistance. In the case 
of the split-phase motor, the run winding has less 
resistance than the start windings. Therefore, the cur¬ 
rent through the run windings will lag the current 
through the start windings by a greater angle. This 
difference in angular displacement is shown in Parts C 
and D of Figure 7-4. 

Part E combines Parts C and D to show the phase 
relationship between the currents through the two 
windings. The resulting phase displacement of current 
between the two windings is approximately 30®. This 
is less than the 90° displacement for a two-phase motor 
or the 120® shift of three-phase power. It is, however, 
sufficient to create an artificial two-phase rotating 
magnetic field to cause the motor to start. These two 


currents w^hen combined are equal to the current sup¬ 
plied by the line. 

Regardless of the number of poles a motor has, the 
displacement in electrical degrees between the main 
and auxiliary poles will always be 90 electrical de¬ 
grees. The mechanical degrees will vary according to 
the number of poles. 

For a two-pole motor, the poles of the start windings 
is displaced from those of the run windings by 90 
mechanical degrees. This value would be the same as 
the electrical degrees. For a four-pole motor, however, 
the spacing between the two sets of poles will be 45 
mechanical degrees. For a six-pole motor this value is 
reduced to 30 degrees. In each case, the poles of the 
start windings is halfway between the poles of the run 
windings, or 90 electrical degrees apart. 

Centrifugal Switch 

The centrifugal switch is connected in series with the 
start winding (see Figure 7-3). This switch is normally 
closed when the motor is at rest. When starting the 
motor, it remains closed until the motor reaches ap¬ 
proximately 70% to 80% of its operating speed. At this 
point, the centrifugal force of the rotor’s mechanism is 
sufficient to overcome the spring tension which holds 
the switch closed, and it opens. The exact speed at 
which this action lakes place depends on the weights 
on the actuator and the tension of the spring (s). 

This action removes the start windings from the 
circuit. The motor will continue to run due to the 
induced current into the rotor’s windings due to its 
motion. 

If the centrifugal switch is not closed when the 
motor is energized, the motor will not start. It will hum 
loudly and draw excessive current. Because the rotor 
does not turn, its impedance is approximately equal to 
the resistance of the rotor bars, and it acts as a shorted 
secondary of a transformer. This in turn causes the 
primary circuit of the transformer, the run windings, to 
draw too much current. Leaving the motor in this 
condition for too long a time can cause the run wind¬ 
ings to overheat 

Failure of the centrifugal switch to open in a very 
short time after the motor is started also has dire 
consequences. The start windings would remain in the 
circuit, and the motor will run irregularly at a lower 
RPM and torque than for which it was designed. This 
will result in an excessive current being continually 
delivered to the motor. 

Because the start windings have a higher resistance, 
they will immediately begin to overheat and destroy 
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CIRCUIT VECTORS SINE WAVES 




Figure 7-4. Phaser diagrams and sine curves of voltage and current with different electrical loads. 
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their own insulation qualities. Ground faults or shorted 
turns may occur in as little as S seconds under this 
condition. If the condition continues even for a longer 
time, the run windings may also be damaged. The net 
result is replacing or rewinding the motor. 

The centrifugal switch plays a very important role 
in the proper operation of the split-phase motor. When 
it malfunctions, damage can result almost immedi¬ 
ately. This device must be checked and serviced during 
routine maintenance procedures. 

Current Relay 

To provide added protection if the centrifugal switch 
does not open on the split-phase motor, a current relay 
may also incorporated in the design in addition to or 
in place of the centrifugal switch. A rg/ay is an electro¬ 
magnetic device with the coil in series with the run 
windings. A set of normally open contacts on this relay 
is placed in series with the start windings. Figure 7-5 
illustrates this arrangemenL 



COIL 

WINDINGS 

ARMATURE 

FIXED CONTACTS 

MOVABLE 

CONTACTS 

SPRING 



Figure 7-5. Current relay used for motor starting. 


What makes this operation effective is the starting 
current delivered to the motor before it comes up to its 
operating speed. Starting current is in the range of 
300% to 600% of the normal running current 


This high current flows through both the run wind¬ 
ings and the coil of the current relay. The relay coil 
activates. This action closes the circuit to the start 
windings. As the motor comes up to speed, the current 
through the coil drops. The coil de-energizes. The 
contacts open and disconnect the start windings. 

The pictorial in Figure 7-5 shows the construction 
of this relay. The higher starting current draws the 
armature of the relay up into the coil due to magnetic 
attraction, allowing the contacts to close. As line 
current drops with the increasing RPM of the motor, 
there is not sufficient magnetizing force to hold the 
armature. The armature releases, allowing power to be 
disconnected from the start windings. 

Current relays are extensively used on hermetically 
sealed motors such as those used in air conditioning 
and refrigeration. These motors are built so that they 
are exposed to the refrigerant gas. Exposing a centrifu¬ 
gal switch to the refrigerants is not feasible, and the 
switch would not be accessible for maintenance. The 
current relay, however, can be mounted externally 
from the sealed motor. This removes the device from 
contact with the gas and provides accessibility. 

Current relays are selected very carefully by the 
designer of the motor. This is to assure that the start 
windings do not drop out of the circuit at too low of a 
speed. At the same time, the start windings cannot 
remain in the circuit for too long a time. This would 
result in the windings overheating. The temperature 
rise can cause damage to the motor. 

When replacing the current relay, an exact replace¬ 
ment number is recommended. If this is not possible, 
the specifications of the relay need to be matched as 
closely as possible with the new relay. 

Split-Phase Motor Connections 

NEMA has established a standardized numbering and 
color coding system to assist in the identification of the 
leads on motors. The number of each lead is prefixed 
with a‘T.** Figure 7-6 depicts the code for the split- 
phase motor having one main winding and one auxil¬ 
iary winding. 

Figure 7-7 shows the same motor when thermal 
protection is provided. The leads connected to the 
thermal protector are designated with the prefix *‘P.” 

Figure 7-8 provides the NEMA standard for the 
split-phase motor with dual-run windings and thermal 
protection. This design allows for dual-voltage con¬ 
nections. 

When the leads are all one color, usually black, they 
will be tagged using the number designations shown in 
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Figure 7-6. NEMA standardized numbering system 
for a split-phase motor having one main 
and one auxiliary winding. 



Figure 7-7. NEMA standardized numbering system 
for a single-voltage split-phase motor 
with themial protection. 



Figure 7-8. NEMA standardized numbering system 
for a dual-voltage, split-phase motor 
with thermal protection. 


Figures 7-6, through 7-8. If the leads are color coded 
instead, NEMA has designated the following com¬ 
binations. 


Tl—Blue 
T2—White 
T3—Orange 
T4—Yellow 


T5—Black 
T8—Red 

PI—No color assigned 
P2—^Brown 


It is not unusual to find the markings on the leads or 
their colors faded on older motors. In this case, the run 
and start windings can still be identified using an 
ohmmeter. Pairs of leads can easily be identified this 
way. The same instrument may be used to differentiate 
the run windings from the start windings. The run 
windings will normally have a lower resistance than 
the start windings. 

On larger motors, an ohmmeter may not be suffi¬ 
ciently sensitive on the low ohm scale, and a Wheat¬ 
stone bridge instrument or a shunt-type ohmmeter 
would be needed. 

If the leads cannot be identified using test instru¬ 
ments, a less convenient method of visual inspection 
can be used. In order to do this, the end plates of the 
motor will have to be removed. 

The run windings will normally be of a larger size 
of wire and in the bottom of the slot with the start 
windings on top of them. One side of the start windings 
will be connected to the centrifugal switch. One side of 
the run windings will be connected to the thermal 
breaker if the motor has one. A continuity check can 
then be made using an ohmmeter to find the matching 
leads. 

It should be noted that standards for marking the 
leads have not been developed for some definite- 
purpose and multispeed motors. It is not practical to do 
so for the definite-purpose motors, and in the case of 
the multispeed devices, there is a great variety of 
methods employed to obtain the speed changes. 

Reversibility 

A split-phase motor is normally wired when it comes 
from the supplier to run in the counterclockwise direc¬ 
tion as viewed from the front, or bell housing end. 
Figure 7-9A shows this wiring arrangement. 

The motor can be made to operate in the clockwise 
direction by a wiring change. This is generally achieved 
by reversing the direction of current flow through the 
start windings. To reverse current flow in these wind¬ 
ings, merely interchange the two connections of the 
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Start windings to the power line. Figure 7-9B shows 
leads T5 and T8 interchanged between LI and L2. 

The same results can be obtained by reversing the 
direction of current flow through the run windings. 
Figure 7-9C illustrates this change. The same proce¬ 
dure is used as with the start windings, only in this case, 
T1 and T4 are switched between LI and L2. 

In summary, the direction of rotation of a split- 
phase motor can be reversed by either reversing the run 
windings* connections or the start windings* connec¬ 
tions, but not both. The latter procedure is the same as 
merely reversing the plug in the receptacle. Because 
both currents are reversed at the same time through the 
two windings, the direction of rotation remains the 
same (see Figure 7-9D). 

Dual Voltage 

Some split-phase motors are designed to operate on 




{C) Clockwise rotation; reverse current through 
run windings; LI to T4, T8; 12 to Tl, T5. 


either 115 or 230 volts. These motors will generally 
have two main (run) windings and a single auxiliary 
(start) coil. Figure 7-10 depicts this configuration. 

Figure 7-1OA illustrates the wiring when the motor 
is operated at 115 volts. The coils of the run windings 
are connected in parallel with each other for the lower 
voltage. Note that only the current of one of the run 
windings is passing through the heater of the thermal 
breaker for the low-voltage arrangement. 

Figure 7-lOB depicts the motor wired for 230 volts. 
The run windings are now connected in series with 
each other. In this case, the heater of the circuit breaker 
is in series with the run windings, and the same amount 
of current is available to it as for the low-voltage 
connection. 

Regardless of which voltage is used, the same 
amount of current flows through the run windings. The 
net result is tliat the cuirent ratings of the windings is 



(B) Clockwise rotation; reverse current through 
start windings; LI to Tl, T5; L2 to T4, T8. 



(D) Counterclockwise rotation; reverse direction through 
run and start windings; LI to T4, T5; L2 to Tl, T8. 


Figure 7-9. Reversing the direction of rotation of a split-phase motor. 

isa 
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not exceeded, and the voltage drop across each wind¬ 
ing is always the same. Each of the two methods results 
in the same flux density, and the same horsepower is 
developed. The advantage of the higher voltage is that 
the source will need to deliver only one-half the 
current as compared to the low-voltage selection. 




Two-Speed, Split-Phase Motor 

The split-phase motor by its nature runs at the synchro¬ 
nous speed minus the slip. The synchronous speed is 
determinedby either the frequency of the power source 
or the number of poles incorporated in the motor’s 
design. 

Changing the frequency is less feasible than chang¬ 
ing the number of poles. The standard frequency of the 
power source in the United States is 60 hertz, and it 


seldom varies more than a fraction of 1 cycle per 
second. 

Even if we were to vary the frequency to the motor, 
it would present some complicated design problems. 
Lowering the frequency to make the motor run slower 
would also lower the inductive reactance (27cfL) and 
the resultant impedance of the windings. This would 
cause the motor to draw more current and provide less 
torque than that developed at the higher speed. The 
higher current would increase the coppa* loss, even if 
the windings were of sufficient gauge to prevent them 
from overheating. 

Increasing the frequency would increase the induc¬ 
tive reactance and increase the impedance. This would 
lower the current through the windings, thereby lower¬ 
ing the flux density and the horsepower of the motor. 
This change would normally be unacceptable. 

For these reasons, frequency change to obtain a 
different speed is not normally considered. Instead, the 
number of poles are changed. There are three com¬ 
monly used methods to achieve this. These are 

1. Add an additional run winding but not an 
additional start winding. 

2. Add a run and a start winding to the design. 

3. Use the consequent-pole concept without the 
addition of any other windings. 

Three windings are used on the stator with Method 
1. There are two run windings and one start winding. 
These motors are usually wound for six and eight poles 
with speeds of 1150 and 875 RPM. The most common 
use of these motors is to drive electric fans. Figure 
7-11 shows a schematic diagram for this method. 

A single-pole switch is used to select one of the two 
speeds or to turn the motor off. This motor always 
starts at its high speed. When the low speed is selected 
when starting the motor, the centrifugal switch is 
connected to the line through the LOW position of the 
selector switch. This applies power to the starting 
windings and the six-pole run windings (high speed). 
As the motor approaches running speed, the centrifu¬ 
gal switch changes position. This change disconnects 
the start and six-pole windings and connects the eight- 
pole run windings to the power source. 

If the motor is started in the HIGH position, the 
power source is connected through the selector switch 
directly to the six-pole windings. The six-pole contact 
on the centrifugal switch also receives power which 
places voltage across the start windings. As the motor 
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Figure 7-11. Two-speed, split-phase motor with 
two run windings and one start winding. 

comes up to speed the centrifugal switch opens, re¬ 
moving power from the start windings. 

The second method of obtaining two speeds with 
the split-phase motor is to use two run and two start 
windings (Figure 7-12). This motor has the advantage 
over that used in method one. It can start on either low 
or high speed because of the two start windings. 



Figure 7-12. Two-speed, split-phase motor with two run 
windings and two start windings. 


In this case power is supplied to either the high 
speed windings or the low-speed windings through the 
selector switch. Voltage is also provided to the respec¬ 
tive start winding through the centrifugal switch. As 
the motor once again approaches the selected run 


speed, the centrifugal switch opens and disconnects 
the start windings. 

Consequent-Pole Windings 

Consequent-pole motors are more economical to 
manufacture than the other two methods used to obtain 
a two-speed motor. The reason is consequent-pole 
motors require less copper. 

Consequent poles are formed when the stator has 
run windings only on one-half the poles. Figure 7-13 
depicts this arrangement using a single pole. 



Figure 7-13. Consequent-pole motor circuit 


When the coil around the pole is energized with AC, 
the polarity of the pole will continually reverse with 
the change in direction of current flow through it. 
Because it is impossible to have a magnetic circuit 
with only one magnetic pole, the pole opposite the 
energized pole will become the alternate pole of the 
field. 

The magnetic field will pass through the rotor 
circuit inducing currents into the rotor. The frame of 
the motor provides a low reluctance path for the 
magnetic field to complete the magnetic circuit. 

In Figure 7-14A, the motor is wound as a standard 
two-pole motor. The stator poles are wound so a north 
and a south pole are formed when current passes 
through the windings. 

When the double-throw, double-pole switch is re¬ 
versed in Figure 7-14B, the current through the wind¬ 
ings of the bottom pole is reversed. This causes both 
poles of the motor to have the same polarity at the same 
time. An equal number of consequent poles will be 
formed. This changes the motor to a four-pole motor 
which will run at approximately one-half the speed of 
the two pole motor. 

Summary of Characteristics 

Starting current for split-phase motors is usually 
three to five times the normal full-load current. This 
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POLARITY 

(B) Two-pole motor changed to four-pole motor. 

Figure 7-14. Changing speed of induction motor 
using consequent poles. 

causes the motor to heat rapidly if it fails to start and 
may cause the line voltage to drop. A fall in line 
voltage reduces the motor’s starting torque. 

The no-load current of these motors ranges from 
60% to 80% of the full-load current. This is high when 
compared to three-phase motors. 

Most of the no-load current is used to create the 
magnetic field. Very little current is used to overcome 
the motor’s losses. Because of the need for a large 
current to create the magnetic field, these motors have 
a poor power factor. The power factor is in the range of 
60% even at full load. 

Split-phase motors are noisier than three-phase 
motors. This is due to the mechanical vibration due to 
the 120-cycle alternations as current and magnetic 
fields reverse. 

The speed of these motors is dependent on the 
number of poles and frequency. Even with reduced 
voltage under a no-load condition, the RPM will 
remain relatively constant Speed change ranges from 


3% to 5% from no load to full load at normal operating 
voltage. 

Capacitor Motors 

There are three basic types of capacitor motors. These 
are the capacitor-start motor, permanent-split capaci¬ 
tor motor, and the two-capacitor motor. 

Capacitor motors are single-phase machines de¬ 
signed to produce a high starting torque to mechanical 
loads like power tools and compressors of all types. 
They are manufactured in sizes ranging from 1/8 to 10 
horsepower. 

The capacitor motor is very similar to the single¬ 
phase induction motor. They both have a start and run 
windings displaced 90 electrical degrees apart. 

A capacitor motor differs ftom the split-phase motor 
in that it has a capacitor placed in series with its start 
winding. This additional component provides for a 
higher starting torque at a lower current. 

Capacitors 

Capacitance is defined as the ability of a component to 
store an electrical charge. The capacitor is the only 
known electrical device that can perform this function. 
A battery, for example, stores chemical energy, not 
electrical energy. In earlier times, the capacitor was 
referred to as a condenser. 

Capacitors are rated in farads and volts. A 1-farad 
capacitor will store a charge of I coulomb of electrons 
for each volt applied to it. This is expressed mathe¬ 
matically as C == Q/V where Q is the charge in coulombs 
and V is the voltage in volts. Only recently has the 
technology been available to manufacturecapacitors of 
one farad rated at several volts. Priorto this the physical 
size of these devices prohibited their practical applica¬ 
tion. Almost all capacitors used in motor circuits are 
rated in microfarads and volts AC. 

The physical construction of a capacitor consists of 
two conductors separated by an insulator. This means 
that all electrical components have some capacity. 
Electrical wires, for example, consist of a piece of 
copper wire surrounded by an insulating material to 
prevent them from shorting. Wires run parallel to each 
other form capacitors. Capacitance also exists in re¬ 
spect to ground, which is also a good conductor. It is 
almost impossible to escape from the effects of capaci¬ 
tance in any electrical circuit 

Capacitors are classified according to the type of 
dielectric used as the insulator. Some of the common 
types of dielectrics used in the manufacturing of ca- 
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pacitors are air, paper, ceramic, oil, glass, and mica. 
Each of these materials differ in their dielectric con¬ 
stants and dielectric strength. 

Air is given a dielectric constant of unity, or 1. 
Titanium dioxide compounds when used as insulators 
may be as high as 170. 

Dielectric strength is rated in volts per 0.001 inch. 
Air has a dielectric strength of 80, and mica has the 
highest rating of 2000. This determines the maximum 
voltage rating that a capacitor will withstand based on 
the material used and its thickness. When this voltage 
is exceeded, the molecules of the dielectric break¬ 
down, and the capacitor begins to conduct electrons 
through the dielectric. This process will destroy the 
capacitor, and it will have to be replaced. 

Given the physical parameters of a capacitor, the 
farad value, can be determined using the following 
formula. 

^ ^ KA(N- 1) 

T 

where, 

C is in farads, 

K is the dielectric constant of the material, 

N is the number of plates used in the capacitor, 

A is the area of the plates, 

T is the distance between plates. 

As can be determined from the formula, the larger the 
area of the two conductors, and the closer they are 
spaced together, the greater the capacity of the device. 

Increasing the area of the conductors will result in 
a larger physical size of the finished product. Decreas¬ 
ing the spacing between the conductors raises the 
value of the farad rating, but at the same time reduces 
the voltage rating. Therefore, there is always a com¬ 
promise to be made among farad rating, voltage rating, 
and the physical size of the component 

The ratings for capacitors used in capacitor motor 
circuits are usually calculated for 60-Hz operation. 
These capacitors are oil-filled and electrolytic types. 
The electrolytic capacitors are used in the start cycle, 
and the oil-filled capacitors are used during the run 
cycle. 

Electrolytic capacitors are specially designed de¬ 
vices which have relatively high capacitance for their 
size. This is achieved by having a very thin dielectric. 
The electrolyte oxidizes the sides of the aluminum foil 
which come into contact with each other in the capaci¬ 
tor. The oxidation forms a high resistive dielectric 
which allows the two conductors to be very close to 


each other, thereby creating a high capacitance. They 
must be used within their voltage and design ratings. 

Unlike most other capacitors, electrolytic capaci¬ 
tors are polarized. When a reverse polarity is applied, 
they will conduct heavily and quickly overheat 

This action is similar to that of a solid state diode. 
The diode conducts heavily with one polarity applied. 
It has a high resistance when under reverse polarity. 

Unlike the diode, the capacitor will overheat and 
explode if the polarity which causes the high leakage 
is continued for a very short period of time. The 
explosion is like that of a shotgun shell. The interior 
parts will blow out of the crimped end of the capacitor. 
This action can cause injury to any person working on 
the device. The eyes are particularly in danger due to 
the hot electrolytic solution. Polarity of the electrolytic 
capacitor must be observed when used in DC circuits. 

Electrolytic capacitors used in motor starting cir¬ 
cuits are subjected to reverse polarity due to the 
alternating current. These devices are specially de¬ 
signed to withstand the reverse currents during the start 
cycle and do not have their polarity marked. They are 
referred to as “dry-type” capacitors. A very thin sheet 
of gauze absorbs the electrolytic. The gauze is placed 
between the aluminum foil of the conductors. For the 
capacitor to remain functional, the gauze must remain 
moist. The electrolytic is not in the liquid form under 
this condition. 

Electrolytic capacitors used in motor circuits have 
a vent hole. This allows any pressure created by the 
heating of the capacitor to escape without exploding 
the capacitor. 

Direct current electrolytic capacitors must never be 
used in AC circuits. Do not use a capacitor rated in 
volts DC. Always use the capacitor designed for the 
AC motor on which you are making repairs. The 
device will have an AC voltage rating. For 115-V 
motors the rating wiU be 130 to 150 V AC, 60 Hz. For 
230-Vmotors, the rating will be 250-300 V AC, 60 Hz. 

The farad values will range from 20 to 550 micro¬ 
farads. This is the minimum values of capacitance. The 
actual values may be 20% to 50% higher. 

Motor start capacitors are also rated for a duty 
cycle. The common value is twenty, 3-second periods 
per hour. Equivalent duty cycles may be given, such as 
sixty 1-second cycles. 

When capacitance is added to a circuit, it opposes 
changes in voltage. The current in this circuit leads the 
voltage across the capacitor by 90®. That is, electrons 
must first flow to and collect on one of the plates of the 
capacitor. This sets up an electrostatic field which 
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forces electrons on the other plate to return to the 
source. This action is based on the laws of electrostat¬ 
ics which states that like charges repel each other. 

The electrons do not flow through the dielectric of 
the capacitor. The plate that has an excess of electrons 
is the negative plate, and the plate with a deficiency of 
electrons becomes the positive plate. This process 
creates a polarized potential across the capacitor. Fig¬ 
ure 7-15 illustrates the current flow in a capacitive 
circuit. 



TO T5 


Figure 7-15. Current flow in a capacitive circuit. 

At the instant the switch is closed, to, the current will 
be maximum and equal to V/R. The IR drop across the 
resistor will be equal to the source voltage, and the 
voltage across the capacitor will be zero. 

As time passes, the voltage charging it. This causes 
the current to fall as shown by the waveshape of the 
voltage drop across the resistor. The value of current at 
any point in time will be equal to (V^ - V^,)/R, and + 
Vr = Vj. When the capacitor has fully charged to the 
value of the source voltage, no further current flow will 
take place. The voltage drop across the resistor will be 
zero. This happens after approximately five time con¬ 
stants. 

A time constant is equal to 
T = RC 

The current will decay and the voltage across the 
capacitor will increase at an exponential rate. After 
one time constant, the voltage across the capacitor will 
equal 63 2% of the source voltage, and the current will 
have decreased to 36.8% of its maximum value. This 


process continues until the current falls to zero, and the 
voltage across the capacitor is equal to the applied 
voltage. 

The same process takes place in an AC circuit. The 
charge across the capacitor that opposes the change in 
the source voltage is what causes the capacitor to have 
reactance and oppose current flow. This AC reactance 
can be expressed mathematically as 

X^= l/(27rfC) 

Figure 7-16 shows the sine wave relationships in an 
AC series RC circuit between the current and the 
voltages across the resistor and capacitor. Current is 
the same at all points in a series circuit. It is used as the 
reference at zero degrees. The voltage developed across 
the resistor is in-phase with the current, and the voltage 
across the capacitor lags the current by 90 degrees. The 
vectors for this circuit are also shown. 



Figure 7-16. Phase relationships between current 
and voltages in an AC series RC circuit. 


Capacitor-Start Motors 

A split-phase motor can be modified to operate as a 
capacitor-start motor by placing a capacitor in series 
with the start windings. The schematic shows this 
arrangement in Figure 7-17. 

Principles of Operation 

The introduction of the capacitor in the start windings 
form a series LRC circuit. This circuit can act as a pure 
resistance if the inductive reactance is equal to the 
capacitive reactance. The circuit is said to be at reso¬ 
nance when this occurs. This point is usually carefully 
avoided for a motor circuit. Under resonance condi¬ 
tions, the voltages across the capacitor and the start 
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Figure 7-17. Schematic for a capacitor-start motor. 

windings can greatly exceed the source voltage. This 
could result in the dielectric of the capacitor failing, or 
the insulation on the start windings breaking down 
under voltage stress. 

If the inductive reactance is greater than the capaci¬ 
tive reactance, the circuit will act as a series RL 
configuration. This was the case for the split-phase 
motor. However, the intent of the design is to have the 
circuit be sufficiently capacitive so that the current 
through the start windings will lead the current through 
the run windings by 90 degrees. This is accomplished 
by selecting a capacitor of specific value which will 
provide a capacitive reactance great enough to over¬ 
come the inductive reactance of the start windings. 
This makes the circuit look electrically as an RC 
circuit. Table 7-2 provides typical values of electro¬ 
lytic capacitors used for starting circuits of capacitor- 
start motors at different horsepower ratings. 


Table 7-2. Typical Values of Electrolytic Capacitors 
for Capacitor-Start Motors 


Horsepower 

Capacitance (pF) 

Voltage 

Frequency (Hz) 

1/8 

72/88 

115 

60 

1/6 

88/108 

115 

60 

1/4 

108/145 

115 

60 

1/3 

161/193 

115 

60 

1/2 

216/259 

115 

60 

3/4 

378/440 

115 

60 

1 

378/440 

115 

60 


Figure 7-18 compares the current vectors for the 
split-phase motor and the capacitor start motor. 

The greater displacement of the currents in the 
capacitor-start motor provides for the necessary rotat¬ 
ing magnetic field to start the motor. The advantage is 
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Figure 7-18. Comparison of current vectors between 
split-phase and capacitor-start motors. 

that it will have a higher starting torque than that of the 
split-phase motor. Once the capacitor-start motor has 
achieved approximately 70% of its running speed, and 
the centrifugal switch disconnects the start windings, it 
is identical in all characteristics to the split-phase 
motor. 

Commercially manufactured capacitor-start mo¬ 
tors are not merely split-phase motors with a capacitor 
added to the start winding. They are carefully designed 
so the start windings and the capacitor complement 
each other for optimum results. Like the split-phase 
motor, the capacitor-start motor has run and start 
windings with the run windings having laiger wire. 
The starting windings of the capacitor-start motor has 
more turns than the comparable split-phase motor. 

Dual-Voltage Motors 

Capacitor-start motors may be designed for dual volt¬ 
ages. When this feature is available, they normally 
have two run windings and one start windings like the 
split-phase motor. The run windings are connected in 
parallel for the lower voltage, and they are connected 
in series for the higher voltage. The numbering se¬ 
quence and color coding of leads is the same as that for 
the split-phase motor. Motors less than Va horsepower 
are usually single-voltage types, and those over 
horsepower will usually have the dual-voltage feature. 

Thermal Protection 

Thermal protection may be provided for the capacitor- 
start motor. Special purpose motors often have this 
feature. This will disconnect the motor from the line in 
the case of overload or overheating. It does not provide 
for short circuit protection which is designed into the 
line fusing circuit. When thermal protection is avail- 
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able, the leads have the same numbering sequence as 
the split-phase motor. 

Reversing Direction of Rotation 

The direction of rotation can be altered on some 
capacitor-start motors. Others do not have this feature 
depending on the application. When the motor can be 
reversed, both the run windings* and the start wind¬ 
ings * leads are brought to the terminal block. Either the 
run windings* or start windings’ leads are reversed to 
the line leads in order to reverse the motor. This is the 
same principle used for the split-phase motor. 

Capacitor-start motors have some different wiring 
configurations for reversing their direction of rotation. 
One of these is the three-lead reversible motor. Figure 
7-19 depicts this arrangement. 



Figure 7-19. Three-lead reversible 
capacitor-start motor. 

When only three leads are used, the motor must 
have two run windings as shown in Figure 7-19. The 
current flow through the run windings is in the same 
direction regardless of the direction of rotation. A 
single-pole, double-throw switch reverses the current 
flow through the start windings. 

If the switch’s position is changed while the motor 
is running, it will have no effect. The motor must be 
disconnected from the line long enough for the cen¬ 
trifugal switch to close so that power can once again be 
applied to the start windings. A distinguishable click 
can usually be heard as the motor slows. This indicates 
that the switch has closed. 

An instant reverse feature is also possible on a 
capacitor-start motor. This is accomplished using a 
relay, a drum controller, and by modifying the centrifu¬ 
gal switch so it has a double contact (Figure 7-20). 


When the motor in Figure 7-20 is started in the 
forward direction, the run windings are connected to 
LI and L2 through the drum switch. LI is connected to 
the top of the start windings through the drum switch, 
the capacitor, and the double-contact centrifugal switch. 
L2 is connected through the drum switch. During this 
period of starting, the voltage across the capacitor is 
also across the relay which is in parallel with it. This 
opens the relays contact 

After the motor has achieved approximately 70% of 
its running speed, the centrifugal switch will change 
positions. This will remove the capacitor from the 
circuit. Because the relay contact is open, the relay is 
now in series with the start windings. The relay’s coil 
has a high resistance. Just enough current flows through 
it and the start windings to keep the relay energized and 
the contacts open. 

To reverse the direction of rotation of the motor, the 
handle of the drum switch is thrown from the right- 
hand position to the left-hand position as shown in 
Figure 7-20. All the movable contacts are ganged 
together as indicated by the dotted line among them. 

As these contacts are moved, the line connections to 
the motor are broken instantaneously. This removes 
power from the relay, and its set of contacts close. 

When the drum switch has seated in its new posi¬ 
tion, L2 is now applied to the top of the start windings 
through the drum switch and the normally closed 
contact of the relay. LI is connected to the bottom of 
the start windings. This arrangement has reversed the 
current through the start windings in respect to the run 
windings. Current flow through the run windings is 
still flowing in the same direction as before. 

This action applies reverse torque on the motor, 
bringing it to a rapid stop. The centrifugal switch 
returns to the position as shown in Figure 7-20. This 
puts the capacitor in series with the start windings. The 
motor is once again started using the capacitor, but 
now its rotation is in the reverse direction. When 
voltage is again applied across the relay, the cycle is 
repeated. 

Drill presses and small lathes use capacitor motors 
with these features. They must be special motors that 
are designed to withstand the stress of the fast rever¬ 
sals. 

Motor Speed 

Two-speed capacitor-start motors are also available. 
The different speeds are obtained by changing the 
number of poles. This is achieved by having two 
separate running windings. These motors are usually 
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Figure 7-20. Instant reveise capacitor-start motor. 


six or eight pole types. Figure 7-21 shows one arrange¬ 
ment using a single capacitor and a single start wind¬ 
ing. 

This motor always starts at its high speed regardless 
of the position of speed selector switch. If the switch is 
set for low speed when power is applied, current will 
flow through the starting-winding circuit and the high¬ 
speed ran winding. When the motor approaches run¬ 
ning speed, the centrifugal switch will change posi¬ 
tion. Iliis action will disconnect the high-speed wind¬ 
ing and the start circuit and connect the low-speed run 
winding. 


When the motor is started in the high-speed posi¬ 
tion, a direct connection exists between the source 
voltage and the high-speed run winding. The centrifu¬ 
gal switch has no effect on this arrangement It will still 
disconnect the stm windings when the motor has 
reached the af^ropriate design speed for the switch to 
activate. 

Another design of the two-speed capacitor-start 
motor does allow the motor to start on eidi^ the high 
or the low speed. This motor has two start windings, 
two capacitors, and two separate sets of run windings 











pRACnONAL-HORSEPOWER MonTORS 



Figure 7-21. Two-speed capacitor-start motor 
using a single capacitor. 

which have a different number of poles. Figure 7-22 
provides a schematic diagram of this type of motor. 

The capacitors in this circuit have different values 
for proper operation of this type of motor. The centrifu¬ 
gal switch is a double-pole type that disconnects the 
start windings at the proper speed. 

Capacitor-Start, 

Capacitor-Run Motor 

Capacitor-start, capacitor-run motors are very similar 
to capacitor-start motors. The difference is that the 
start windings in series with a capacitor remain in the 
circuit while the motor is running at normal speed. 
Because of this, the start windings must use larger wire 
than that used for the split-phase or capacitor-start 
motors. 

The capacitor used during the run cycle may be the 
same one used to start the motor, or it may be a 
different, smaller capacitor. When two capacitors are 
used, the start capacitor is usually an electrolytic type, 
and the run capacitor is oil filled. If the same capacitor 
is used for both the start and run cycle, it will be oil 
filled. 

These motors run quietly and smoothly, similar to a 
two-phase motor, thereby reducing the vibration and 
noise caused by the 120-heriz vibrations. They are 
sometimes called two-value capacitor motors. 

Figure 7-23 depicts the circuit for the two-value 
capacitor-type motor. The centrifugal switch is elimi¬ 


nated if the motor runs on the same capacitance used to 
start it 

This motor starts using both the electrolytic and the 
oil-filled capacitor. When the centrifugal switch opens, 
the electrolytic capacitor is dropped from the circuit, 
and the motor runs using the oil-filled capacitor. 

Although the overall capacitance has been reduced, 
there is still higher torque than if no capacitor was in the 
circuit. The start windings and capacitor are designed 
to complement each other so the magnetizing force is 
approximately equal to that of the run windings. 

The result of having the capacitance is almost a 90*" 
phase shift between the currents through the run wind¬ 
ings and start windings. This reduces the magnetizing 
currents in the rotor, reducing copper losses, and im¬ 
proving the overall efficiency of the motor. Full-load 
torque is relatively constant. The power factor of the 
motor is better than that of split-phase or capacitor- 
start motors. 

These motors may be reversible and of the dual¬ 
voltage type. The principles of obtaining these features 
are the same as for the motors previously discussed. 


Permanent-Split Capacitor Motors 

The permanent-split capacitor motor is similar to the 
capacitor-start motor, but it does not have a centrifugal 
switch. An oil-filled capacitor of 3 to 25 microfarads is 
connected in series with the start windings and remains 
in the circuit during the run cycle. Because the phase 
shift of the currents in the run and start windings is less 
than ninety degrees, this motor has a medium starting 
torque as compared to the capacitor-start motor. The 
start and run windings are identical in this motor. 
These motors are sometimes called single-value ca¬ 
pacitor motors. 

Reversibility 

A typical method of reversing the direction of rotation 
of these motors is to switch the capacitor from the start 
windings to the run windings. Figure 7-24 illustrates 
this circuit. 

Voltages 

Permanent-split capacitor motors are either single or 
dual voltage rated. When dual voltage designs are 
used, the windings are connected in parallel for the 
lower voltage, and in series for the higher voltage. 
Usually, only single voltage motors have the forward- 
reverse feature or speed control. 
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Figure 7-22. Two-speed capacitor-start motor using two 
capacitors and two start windings. 

Speed 

Permanent-split capacitor motors are available as 
single-, two-, or three-speed machines. Figure 7-25 
shows the schematic for the two-speed motor, and 
Figure 7-26 depicts the three-speed device. 

The permanent-split capacitor motor uses slip as 
the method of obtaining dual or three-speeds. A single 
auxiliary coil is wound on top of the run windings for 
the two-speed motor. This does not add any additional 
poles to the motor to change its speed. 

When the speed selector switch is in the high 
position, the full line voltage is impressed across the 
run windings. The auxiliary coil is placed in series with 
the start windings when the switch is in this position. 
The motor will run at its synchronous speed minus the 
normal slip. 

When the speed selector is set for low speed, the 
auxiliary coil is placed in series with the run windings. 
This reduces the voltage across the run windings with 
the resulting lower current. Because of the lower 
current, the magnetizing force of the run windings is 
reduced. Under load, the slip will increase, and the 
motor will run at a lower RPM. This method of speed 
control can also be used with the split-phase motor. 

The same principle is applied for the three-speed 
motor (Figure 7-26). Two auxiliary coils are used to 
obtain the additional speed. 

At high speed, the full voltage is applied across the 
run windings. Both auxiliary windings are in series 
with the start windings. 


For medium speed, auxiliary winding 1 is placed in 
series with the run windings, and auxiliary winding 2 
is connected in series with the start windings. Current 
is reduced through the run windings, and the slip is 
increased due to the weaker magnetic field. The RPM 
will be lowered due to the slip when the motor is under 
load. 

To obtain the low speed for this motor, both auxil¬ 
iary windings are placed in series with the run wind¬ 
ings. This further reduces the current through them, 
reduces the strength of the magnetic field and causes 
the slip to increase further. When the selector switch is 
in this position, full line voltage is across the capacitor 
and the start windings which are in series with each 
other. 

Characteristics 

This motor runs with greater noise level when under a 
no-load condition. It is only under full-load that it acts 
as a true two-phase motor. With the proper selection of 
capacitance, this motor comes close to operating at 
100% power factor. It has a low starting torque, how¬ 
ever, and is not recommended for starting heavy loads. 
The starting current for the single-phase motor is 
approximately three times the normal running cuirent. 

Shaded-Pole Motors 

Shaded-pole motors are used for applications such as 
fans and blowers where there is a low horsepower 
requirement. Their values range from as low as 0.0007 
HP to 1/4 HP. Most are manufactured in the range of 
1/100 to 1/20 HP. 

These motors have an advantage in that they are 
very simple to construct, reliable, nigged, and have a 
low cost. They do not require auxiliary parts such as 
capacitors, brushes, commutators, or movable switches. 
Maintenance on them is minimal and simple. Under 
locked-rotor conditions these motors do not draw 
much more line current than when operating normally. 
This provides automatic circuit protection, and the 
motor will not overheat and destroy itself. 

A motor with all these advantages also has some 
disadvantages. The shaded-pole motor has a very low 
starting torque and very low efficiency. Maximum 
efficiency for the 1/20 horsepower motor is only about 
35%. For the smaller motors it is as low as 5%. Power 
factor is also poor. Because these motors use such 
small power, however, the advantages far outweigh the 
disadvantages when the application is appropriate. 
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OIL FILLED 

Figure 7-23. Capacitor-start, 
capacitor-run motor. 



Figure 7-24. Reversing the direction of rotation 
of the permanent-split capacitor motor. 

Principles of Operation 

Shaded-pole motors operate on the induction principle 
as the previously discussed single-phase motors. They 
obtain their name from the method used to produce a 
rotating magnetic field to provide starting torque. The 
pole pieces have a slot cut in them on which is wound 
the shaded pole coil. The shading coils are normally a 
short-circuit single turn of heavy gauge copper wire. 
The wire is formed fitted on the shaded-pole which is 
a notch cut into the main stator pole. The shaded-pole 
coil is held in place with pins or wedges. All shaded- 
pole motors use the squirrel cage rotor. Figure 7-27 
illustrates this construction. 


HIGH 



Figure 7-25. Two-speed permanent-split 
capacitor motor. 


HIGH 



Figure 7-26. Three-speed permanent-split 
capacitor motor. 

Although there are exceptions, the shaded-pole 
motor usually uses salient pole construction for the 
main field windings. The salient pole, or definite-pole 
as it is sometimes referred to, is shown in Figure 7-28. 

The shaded-pole motor is actually a split-phase 
motor. It differs in that it obtains its starting torque by 
induction in the stator poles. 

Power is not applied to the winding of the shaded- 
pole, but rather only to the main run windings. The 
magnetic field created by current from the power 
source cuts the winding of the shaded pole. This 
induces a voltage due to transformer action. Because 
the secondary is shorted, a high current will flow in the 
shaded pole coil. The magnetic field developed by the 
shaded-pole opposes the magnetic field that caused it. 
Its magnetic field is nearly 90 electrical degrees be- 
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hind the magnetic field of the main pole. A rotating 
magnetic field is developed which gives the motor its 
starting torque. Direction of rotation is toward the 
shaded pole. Figures 7-29 and 7-30 illustrate this ac¬ 
tion. 

At the beginning of the current cycle in the main 
windings, or at zero degrees as shown in Figure 7-29, 
no current is flowing through the main windings. 
Therefore, no magnetic field is formed in the main 
pole pieces. Because of the nature of the sine wave, the 
most rapid change is occurring in this current as it 
passes through the base line. From zero to 30 degrees 
the current reaches 50% of maximum current. This 
means that the flux field is building most rapidly 
during this period. 

The faster the flux changes, the greater the current 
induced into the shaded-pole winding. This current 
will be maximum when the main windings* current is 
zero. The current in the shaded-pole windings sets up 
a magnetic field which will oppose the magnetic field 
which caused it. This opposition of fields causes the 
magnetic field to be concentrated in the main poles. 

Current through the shaded-pole windings will 
decrease as current in the main windings is increasing 
from zero to 90 degrees. This is due to the decreasing 
rate of change of the flux field. 

It takes the current in the main windings twice as 
long, or 60 degrees, to rise the next 50%. Current in the 
shaded coil will decrease to zero at 90 degrees when 
current in the main windings has reached its maximum 
value. At that instant the flux is neither expanding or 
contracting, and no current is induced into the shaded- 
pole winding. The magnetic field will now be distrib¬ 
uted uniformly across both poles. The axis of the 
magnetic field has shifted toward the shaded-pole, 
providing the magnetic rotating field. Figure 7-30 
shows the magnetic fields of the two windings expand¬ 
ing and contracting during this period and at precisely 
9(F. 

From 90° to 180° the current in the main windings 
is decreasing causing its flux lines to collapse. This 
action induces current into the shaded-pole windings. 
The current in the shaded-pole windings will reach its 
maximum value at 180° when the current in the main 
windings is zero and alternates to go negative. The 
reverse magnetic pole is produced in the shaded pole 
during this period due to the change in the direction of 
the flux lines cutting it 

When the main windings current reaches its maxi¬ 
mum negative current at 270°, its flux field will be 
maximum once again. The polarity of the field is 




Figure 7-28. Salient poles used with 
shaded-pole motors. 


opposite to the field created at 90°. The shaded-pole 
field will once again be zero at this point. The cycle 
continues back to 360° where the process is repeated. 

This arrangement produces an uneven magnetic 
field. The torque, therefore, varies during each cycle. 
This makes the shaded-pole motor noisier than the 
split-phase motor or the capacitor type motor of the 
same horsepower. 

Reversibility 

Although some shaded-pole motors can be reversed 
with switching, most of those manufactured cannot. To 
reverse the direction of rotation of the latter, the motor 
must be disassembled. Usually only one end plate is 
removable, with the other being cast as part of the 
frame. 

The stator is removed and reversed by turning it end 
to end. This puts the shaded pole on the opposite side 
of the main pole. Rotation will once again be toward 
the shaded pole, and the motor will run in the opposite 
direction. Figure 7-31 depicts the two different posi¬ 
tions for the shaded pole. 
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There are two common methods of reversing the 
shaded-pole motor externally. One method uses two 
shaded poles and one main winding. The other uses a 
single shaded pole and two main windings. 



Figure 7-29. Comparison of the current flow in the 
main and the shaded-pole winding. 


INCREASING DECREASING 



(A) 0 to 90 degrees. 



(C)I80 degrees. 


Figure 7-32 shows a motor having two shaded poles 
for each main winding. Only one of the shaded poles is 
active at a given time. An external switch is used to 
complete the circuit for the shaded-pole winding that 
is in use. The other winding is open, and no current 
flows through it. To reverse the direction of rotation, 
the switch is moved to the other position, connecting 
the alternate windings, and disconnecting the one 
which was being used. This places the shaded pole on 
the other side of the main windings. This arrangement 
causes the rotor to move in the opposite direction. 

When two main coils are used to reverse the direc¬ 
tion of rotation of the shaded-pole motor, they are 
wound in the slots so that the shaded pole is positioned 
on the opposite sides of each coil. Because the rotor 
will move toward the shaded pole, this arrangement 
effectively causes the rotor to reverse when the alter¬ 
nate coil is used. 


MAXIMUM ZERO 



(B) 90 degrees. 


MAXIMUM ZERO 



(D)270 degrees. 


Figure 7-30. Comparison of the magnetic flux fields for the main and shaded poles. 
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Only one of the main coils is connected to the 
circuit at any one time. This is accomplished by an 
external switch. Figure 7-33 illustrates the use of two 
main windings. 

Voltages 

These motors may be rated as either 115 or 230 V AC. 
They are single-voltage motors and must be operated 
at their designed voltage and frequency ratings. 

Speed 

Shaded-pole motors are manufactured as two-, four-, 
six-, and eight-pole motors. This provides a variety of 
single-speed motors. 

The speed of the shaded-pole motor may also be of 
the varying type. This is accomplished by using the slip 
characteristics of the induction motor. Speed varies 
with load due to greater slip. 

One method of varying the speed of the motor is to 
use two sets of windings. The windings for each set use 
the same slots, so the number of poles is not changed. 

When only one set of windings is used, the motor 
will operate at its higher speed. Switching the second 
set of windings into the circuit will cause the motor to 
operate at its lower speed. 

Connecting the second set of windings in series 
lowers the voltage across each winding to one-half the 
value for the higher speed. Because the windings of 
each set are identical and wired in series, only one-half 
the current will flow through them on the low speed 
arrangement. This, in effect, reduces the strength of the 
magnetic field and causes the slip to increase. Figure 
7-34 illustrates a four-pole, two-speed, shaded-pole 
motor. A two-, six-, or eight-pole motor could have as 
easily been used to depict this type of speed control. 

Another method provides for two speed operation 
without using multiple windings. This motor is known 



as the “consequential-pole” motor. Figure 7-35 de¬ 
picts the schematic of this machine. Voltages may be 
either 115 or 230 VAC, 

When the motor operates at its high speed, only five 
of the windings are connected to the line voltage. The 
windings are identical, and an equal amount of voltage 
is dropped across each of them. The motor in Figure 
7-35 is shown in its high-speed position. 

To obtain the lower speed, a sixth coil is switched in 
series with the other five windings. This winding has a 
smaller size of wire and more turns. The voltage drop 
across it will be greater than the individual voltage 
drop across each of the other five windings. The other 
five windings divide the remaining voltage equally. 
The motors slip increases due to the lower current flow 
through the windings. 

Repulsion Motor Types 

Before the general acceptance of the capacitor-start 
motor, the repulsion-type motor was used extensively 
to drive high-inertia loads where only single-phase 
power was available. This motor develops more start¬ 
ing torque per ampere than any other type. It requires 
about 35% of the starting current as that of the capaci¬ 
tor-start motor to deliver the same amount of torque. 
Repulsion motors have horsepower ratings from 1/8 to 
15. 

There are three general classifications of repulsion 
type motors. These are 

1. Repulsion-start, induction-run 

2. Repulsion 

3. Repulsion-induction 

Some confusion is caused by the similarities in the 
names of the different types of repulsion motors, and it 



Figure 7-31. Reversing the direction of rotation of the shaded-pole motor by turning the stator. 
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MAIN WINDINGS 



Figure 7-32. Reversing the direction of rotation of a 
shaded-pole motor with two shaded poles. 

WINDINGS FOR WINDINGS FOR 

CLOCKWISE COUNTERCLOCKWISE 

ROTATION ROTATION 



Figure 7-33. Reversing the direction of rotation of the 
shaded-pole motor using two main windings. 

is difficult to distinguish one from the other. Each of 
these motors, however, has its own operating charac¬ 
teristics, and there are differences in the physical 
construction of these different types of repulsion mo¬ 
tors. 

All types of repulsion motors have a stator similar 
to that of the split-phase motor. The stator has a single- 
run winding. In addition all the types of repulsion 
motors have a wound rotor and a commutator with 
brushes. 

The rotor has a slotted core in which the rotor 
windings are placed. The slots are usually skewed. 
They are not parallel to the motor *s orientation and are 
set at an angle. With this design the same starting 
torque is produced regardless of the position of the 
armature when the motor is started. Skewed slots also 
help to reduce magnetic hum. 

Commutators for these motors may have their seg¬ 
ments arranged in either an axial or radial position. 


Axial segments are arranged parallel to the shaft, and 
radial segments are perpendicular. 

Brushes ride on the commutator and provide a 
conductive path of current flow through the selected 
armature coils. Pairs of brushes are shorted together by 
a flexible conductor or through the conductivity of the 
brush holder which may be mounted on the armature 
shaft or the front end plate of the motor. The arrange¬ 
ment depends on the particular type of repulsion mo¬ 
tor. 

Repulsion motors are more complicated than ca¬ 
pacitor-start motors, and they require more parts. 
Repulsion motors have stator windings similar to that 
of the capacitor-start motor and may have two, four, 
six, or eight poles. The rotor, or armature of the 
repulsion motor, however, is more complex than the 
simple squirrel cage rotor used with the split-phase and 
capacitor types of motors. 

The number of brushes used with these motors 
would normally correspond to the number of poles. 
This is not always the case, however, because only two 
brushes may be required, depending on how the arma¬ 
ture is wound. 

Two of these motors, the repulsion motor and the 
repulsion-induction motor, can have their directions of 
rotation reversed while operating at full speed. When 
this is done for the purpose of bringing the motor to a 
rapid stop, the operation is called plugging. 

By electrically switching the leads on the stator, the 
armature’s direction of rotation will be reversed. This 
will bring the motor to a quick stop. The direction of 
the motor’s rotation can then be reversed almost in¬ 
stantly. 

Most single-phase motors cannot be plugged be¬ 
cause of the centrifugal device used in them. These 
motors must have power removed first, and the speed 
of the motor must be reduced until the centrifugal 
switch closes. This is true for the repulsion-start, 
induction-run motor. The only other single phase motor 
that can be plugged is the instantly reversible capacitor 
motor. In general, single-phase motors are not de¬ 
signed for this function. 

Because repulsion motors have more parts than 
capacitor-type motors, this makes their manufacturing 
more difficult and costly. The use of brushes, commu¬ 
tator, and centrifugal switches increases the amount of 
maintenance required to keep these motors operating. 
Due to their complexity and lower overall economy, 
they have mostly been replaced in industry by capaci¬ 
tor-type motors. 
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Figure 7-35. Consequential-pole, shaded-pole motor. 

Rcpulsion-Start, commutator and brushes. It also has a centrifugal 

Induction-Run Motors device that activates at approximately 70% to 80% of 

its full RPM. At that point the centrifugal device moves 
The rotor of a repulsion-start, induction-run motor is a shorting ring across the commuta- 

shown in Figure 7-36. This armature is similar to a DC segments. The motor then runs as a squirrel cage 

motor s armature in that it is a wound rotor and has a induction motor similar to the split-phase motor. 
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Figure 7-36. Armature of a repulsion-start, 
indue tion-nm motor. 


Hard 



On some armatures the brushes are in contact with 
the commutator during the start and run cycles. These 
are classified as a brush-riding type. The brush-riding- 
type motor usually has an axial commutator. 

Another type provides a mechanism to lift the 
brushes from the commutator when they are no longer 
performing a function. The brush-lifting type has a 
radial commutator. Figure 7-36 illustrates the design 
for the brush-lifting mechanism. 

When the motor comes up to speed, the plunger 
connected to the centrifugal device continues forward 
after shorting the commutator segments. This action 
pushes the brushes away from the radial commutator. 
The life of the brushes and commutator is increased 
due to decreased wear. 

When the motor is running, the spring on the 
armature is put under tension. When the motor is 
brought to a stop, this tension returns the brushes to the 
commutator and forces the short-circuiter away from 
the commutator segments. The motor is ready to be 
started once again. 

Principles of Operation 

On a DC generator the brushes remove power from the 
armature to deliver it to some load. On a DC motor, the 
brushes provide a current path to the armature. The 
brushes of a repulsion motor perform neither of these 
functions. Instead, the brushes are shorted together by 
a conductor. Their function is to connect the proper 
segments of the commutator together to set up a 
current flow through the windings of the armature so 
that a magnetic polarity is established. Figure 7-37 
shows this arrangement 


Figure 7-37. Current flow in the windings of the 
armature of a repulsion motor at hard neutral. 

As can be seen in Figure 7-37, each segment of the 
commutator has two windings connected to it. The 
brushes short a pair of segments, providing a current 
path between segments. When the brushes are in the 
position shown, an equal amount of current will flow 
in each of the two sets of windings, establishing like 
poles in the armature opposite the stator poles. The 
poles of the stator and rotor always change together as 
the current alternates. 

Like poles of magnetic fields repel each other. The 
rotor should move away from the stator. In this case, 
however, only a vertical force is being impressed on 
the rotor. The stator and rotor fields remain aligned 
with each other. This is defined as the hard neutral 
position for this motor. A horizontal force is also 
needed in order for the rotor to begin to turn. 

The horizontal as well as vertical force is accom¬ 
plished by shifting the brushes away from the hard 
neutral position (Figure 7-38). This shifts the axis of 
the magnetic field created by the armature current. The 
rotor will begin to turn. ^ 

If the brushes are shifted a full 90®, the rotor will 
again be in a neutral position. It will not turn of its own 
accord in this position. This is called the soft neutral 
position. Under these conditions, no current flows 
through the brushes. An equal potential exists across 
them. 

There is a weak magnetic force field developed 
between the stator and armature. The tendency is for 
the stator to turn in either direction, if at all. Shifting 
the brushes from this position develops a directional 
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Figure 7-38. Shift in axis of armature’s magnetic field 
due to the change in position of the brushes. 

rotational tendency, and the motor may start if the load 
is not too great (Figure 7-39). 



Figure 7-39. Current flow in the armature when 
brushes are set to soft neutral. 


Because of the weak field when operating from the 
soft neutral, repulsion motors are always set to operate 
from the hard neutral position. The hard neutral posi¬ 
tion can be determined by moving the brushes in either 
direction. If the rotor turns in the direction in which the 
brushes ^e shifted, the brushes are set to hard neutral. 
Shifting the brushes from soft neutral results in the 
armature turning in the opposite direction of the brush 
shift Maximum torque is obtained when the brushes 
are set at about 17® from hard neutral. 


The motor, therefore, starts on the repulsion prin¬ 
ciple of like poles repelling each other. Because of the 
transformer effect of the stator windings magnetic 
field inducing currents into the armature windings, 
these two windings are effectively in series with each 
other. This provides the speed and torque characteris¬ 
tics of a DC series motor which will be discussed. The 
starting torque of the repulsion-start, induction-run 
motor is at least twice as great as that of the split-phase 
motor. 

When the motor achieves 70% to 80% of its operat¬ 
ing speed, the short circuiter activates and converts the 
motor to a simple induction motor. Under these condi¬ 
tions it has the same operating characteristics of the 
split-phase motor. Its overall efficiency and power 
factor is slightly lower. 

Reversing Direction of Rotation 

Repulsion-start, induction-run motors are designed to 
be reversed. The brushes are mounted on an adjustable 
ring. This device is called the brush yoke. There are 
either two or three marks on the brush yoke. The center 
mark is hard neutral. The other two marks are the 
settings for forward or reverse rotation of the motor. If 
there are only two marks, they are for the forward and 
reverse operation. The hard neutral position is not 
marked. 

The motor will have the same characteristics if set 
to run in either direction. The motor is designed to turn 
in the direction the brushes are positioned. 

If the motor begins to rotate when the brushes are 
set to the neutral mark, then neutral has shifted in the 
motor. When this happens, a brush shift using the 
marks established by the manufacturer will result in 
too great a shift in the brushes for rotation in one 
direction, and too little shift for the oppositedirection. 
In either case, optimum starting torque will not be 
available. 

To correct this problem, lock the brush yoke so the 
pointer is set to the hard neutral mark. Loosen the end 
plate bolts on the motor. Turn the end plate slightly in 
the opposite direction to which the motor turns. Apply 
approximately one-half the voltage to determine if the 
motor will turn. The neutral is correcdy set if the motor 
does not start 

If difficulty is experienced in setting the neutral, 
replace the regular brushes with wedged shape brushes. 
Brushes designed for the motor can be filed down until 
the tip is about 1/16 inch in width. This will reduce the 
number of commutator segments the brush may be 
touching at any one time. Neutral can be established 
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more precisely using this modification. Once neutral is 
set, replace the wedge-shaped brushes with those de¬ 
signed to be used with the motor. 

Many of these motors, especially those with brush 
riding features, have brush holders that cannot be 
moved. Some of these motors are designed so the field 
poles are off center. To reverse them, the motor must be 
disassembled and the pole frame reversed. 

All three types of repulsion motors may also be 
designed to be electrically reversed. When this feature 
is available, the stator has two sets of run windings 
which are wound 90 electrical degrees apart. Both 
windings are connected in series. To reverse the motor, 
the leads of one of the windings are reversed. 

Another method is to wind the reversing winding in 
two sections. For forward direction, the run winding 
and one section are connected in series. To reverse the 
motor, the other section is used in series. The sections 
are wired so they provide opposite polarities when 
used individually. Figure 7-40 illustrates these two 
methods. 

Voltage 

Repulsion-start, induction-run motors are manufac¬ 
tured as single- and dual-voltage motors. When wiring 
a dual-voltage motor for 115 V AC, connect T1 and T3 
together. Wire this junction to one side of the power 
line. Then connect T2 and T4 and wire this junction to 
the other side of the power line. 

To wire the motor for its higher voltage, 230 V AC, 
connect T2 and T3 together. Connect the power line to 
T1 and T4, respectively. Figure 7-10 depicts these 
connections for the run windings of a split-phase 
motor. 

Speed 

The repulsion-start, induction-run motor is a constant 
speed motor. To change the speed, the number of poles 
on the stator is changed. 

Repulsion Motor 

The repulsion motor starts and runs on the repulsion 
theory. The commutator is active both in the start cycle 
and the run cycle. This motor does not have a centfifu- 
gal device or a shorting ring to convert the motor to a 
simple induction motor. Brushes are of the short- 
circuit type. They are continuously in contact with an 
axial commutator. 

These motors have a high starting torque and vari¬ 
able speed characteristics similar to the DC series 


motor. Repulsion motors are sometimes called induc¬ 
tive-series motors. 

The speed of this type of motor is adjusted by 
shifting the brushes further from the hard neutral 
position. This reduces the torque of the motor and the 
slip increases. Base speed is established by the number 
of poles the motor has. These motors are usually 
wound for four, six, or eight poles. 

Repulsion motors are reversible. This is accom¬ 
plished by shifting the brushes from hard neutral in 
either direction. Direction of rotation will be in the 
direction of the brush shift. Electrically reversible 
motors are also available. 

Voltage 

Generally, these motors are dual voltage. Four leads 
are available from the stator to wire the motor for 115/ 
230 V AC. Wiring codes are the same as those previ¬ 
ously discussed. 

Compensating Windings 

A second set of windings is sometimes added to the 
repulsion motor to cancel the cross-magnetization in 
the armature. Cross-magnetization causes the neutral 
plane of the motor to shift against the direction of the 
rotation of the motor. The amount of shift depends on 
the load on the motor. The greater the current being 
drawn, the greater the shift. The shift in the neutral 
plane causes poor commutation and a lower power 
factor. 

Compensating windings are smaller than the main 
windings. They are wound on the inner slots of the 
main poles, and they are displaced 90 electrical de¬ 
grees from the main windings. The compensating 
windings are connected to the armature through a set of 
brushes. 

The magnetic field of the main windings induces a 
voltage into the compensating windings by trans¬ 
former action. The size of the voltage will be in 
proportion to the current being drawn by the motor. 
Therefore, the current drawn by the armature from the 
compensating windings will be proportional to the 
load. The effect is to cancel the cross-magnetization 
field. Figure 7-41 provides a schematic of the compen¬ 
sated repulsion motor. 

Compensating windings are sometimes inductively 
coupled to the armature. When this method is used, the 
brushes are not necessary. Instead, the ends of the 
compensating windings are merely shorted together. 
This provides a current path to establish the magnetic 
field which will cancel the cross-magnetization effect. 
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Figure 7-40. Reversing direction of rotation electrically on a repulsion-type motor. 
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Figure 7-41. Compensated repulsion motor. 

Repulsion-Induction Motor 

Although it is difficult to distinguish this motor from 
the other two types of repulsion motors, its electrical 
characteristics are different. Electrically, it is compa¬ 
rable to a DC compound motor which will be described 
(see Compound DC Motor). 


The repulsion-induction motor has a squirrel cage 
rotor embedded into the windings of the armature. It 
does not have the centrifugal short-circuit device of the 
repulsion-start, induction-run motor. The brushes remain 
in contact with the commutator at all times to provide 
torque. Figure 7-42 provides an illustration of this 
motor. 



Figure 7-42. Repulsion-induction motor. 
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This motor has high starting torque and good speed 
regulation. To differentiate between repulsion-induc¬ 
tion motor and the repulsion motor, connect it to the 
power line and allow it to come up to full speed while 
under load. Lift the brushes off the commutator. If its 
speed remains constant, it is a repulsion-induction 
motor. 

Repulsion-induction motors are manufactured in 
sizes up to 10 HR They are normally of the dual¬ 
voltage type and are used for general purpose applica¬ 
tion. They may have compensating windings to im¬ 
prove their power factor and commutation. They are 
also reversible. If compensation windings are used on 
the motor, the leads to them must also be reversed 
when reversing the motor. 

Direct Current Motors 

Direct current motors have become increasingly more 
popular in modem industry due to their varying speed 
characteristics, high starting torques, and the ability to 
reverse their direction of rotation. They are ideal for 
such applications for use on elevators, electric rail¬ 
roads, cranes, hoists, steel rolling mills, and hundreds 
of other purposes. The control of these motors is so 
good, they are often used as the drive for delicate 
laboratory instruments. Direct current motors are 
manufactured from the millihorsepower range to sev¬ 
eral hundred horsepower. 

Application and Control 

The elevator is as good an example as any to illustrate 
why these motors are selected as the best possible 
choice to drive this specific type of load. The motor 
must start under a load consisting of the weight of 
several people plus that of the elevator. This load will 
seldom be exactly the same. The number of people and 
their weights will vary. 

The motor must accelerate the load smoothly with¬ 
out sudden changes which would cause the passengers 
to lose their balance. It must raise or lower the load 
rapidly, often making several stops on the way. Decel¬ 
eration must be as smooth as the acceleration so 
sudden stops are avoided. Finally, the motor must stop 
the elevator at precisely a given level every time. For 
a single machine to meet all these requirements makes 
it a truly remarkable device. 

Direct current motors stop and reverse direction of 
rotation more smoothly than any other type of motor. 
This is accomplished by opening the armature circuit 
and by placing a resistor across the armature. This 


causes the motor to act as a generator. Current flow 
will be from the armature through the resistor. The 
armature’s magnetic flux field will oppose the field 
that is causing the current. The motor is brought to a 
rapid stop. This action is called dynamic braking of the 
motor. The motor can now be smoothly accelerated in 
the reverse direction. 

Another type of braking is regenerative braking. 
When this principle is used, the energy produced by the 
generator action is returned to the source. Electric cars 
make use of this principle. The current from the 
generator is used to recharge the car’s batteries each 
time the car decelerates or stops. This reduces the wear 
on the brakes, and at the same time, helps keep the 
batteries in a charged condition. 

Voltage Ratings 

Industrial motors are supplied with a variety of voltage 
requirements. They may be 6,12, 24. or 48 volts for 
battery operated equipment. FHP motors supplied by a 
motor generator set or rectified AC voltages, are usu¬ 
ally voltage rated at 115/230 volts. Typical voltage 
ratings for multihorsepower motors are 240 and 500 
volts. They may, however, be supplied by a much 
lower or higher voltage depending on the application. 

Motors for transit operations are provided in typical 
ranges from 250 to 750 volts. These values also vary, 
and may be much higher. Small millihorsepowo* motors 
usually have voltage ratings of single cells, VA volts, or 
multiples of this value. 

DC Armature 

The armature of a DC motor has a shaft, core, commu¬ 
tator, and windings. Figure 6-11 provides an illustra¬ 
tion of the DC armature. 

Direct current motors are often required to develop 
considerable torque. In order to meet this requirement, 
they must have a large number of conductors wound as 
coils on the armature. These windings are placed in the 
slots designed for them. The slots provide the neces¬ 
sary strength needed by the coils to remain in place. 
These motors operate at high speeds, and very high 
centrifugal forces are exerted on them. The force is on 
the iron of the armature instead of the windings (Figure 
7-43). 

Bands are placed around the armature to hold the 
coils in place against the centrifugal forces. Waxed 
cord may be used for this purpose on small motors. 
Larger motors require steel bands. 

This design allows for a reduced air gap between the 
armature and the field poles. The small gap reduces the 
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Figure 7-43. Placement of coils in slots 
on a DC armature. 

flux linkage loss and provides a maximum field strength 
between the armature and the field coil. 

Losses 

Every DC armature has losses due to the resistance of 
the coils, or copper loss; induced currents into the core, 
or eddy current loss; and friction of the revolving 
magnetic particles, or hysteresis loss. Each of these is 
taken in consideration in the design of the armature. 

Copper losses are directly proportional to the length 
of the wire used in the core windings and the square of 
the current flowing through them. It is inversely pro¬ 
portional to the circular mil area of the wire. 

Temperature rise increases this loss. The resistance 
of the core increases about 1% for each 2.5®C rise in 
temperature. Mechanical loading of the motor in¬ 
creases current in the armature and increases loss. 

Proper design and sufficient ventilation to limit the 
temperature rise controls copper loss. Fans mounted 
on the armature shaft are common. Mechanical loads 
must be kept within the limits of the machine. 

Eddy currents are caused in DC machines due to the 
armature rotating in the magnetic flux created by the 
stator’s field. The higher the flux density of the field, 
and the faster the armature turns, the greater this loss. 

Eddy current loss is limited by using laminated 
cores. It varies as the square of the thickness of the core 
laminates. Each time the core is subdivided, the loss is 
reduced by the square of the number of laminates. For 
example, subdividing the core into two parts will 
reduce eddy current loss to one-fourth its previous 
value. Subdividing into four parts will cut loss to one- 


sixteenth. This loss becomes negligible when the core 
is divided into many sections. 

Hysteresis losses will also increase widi flux den¬ 
sity and the speed of the machine. In addition, die mc»e 
iron used in the armature, the greater the loss. The use 
of heat treated siliccm steel for the cc»e reduces this 
loss. The heat treatment process is called annealing. It 
consists of heating the laminates until they are a dull 
red and then allowing them to cool slowly. 

Counterelectromotive Force 

A 240-volt, 10-horsepower motor turning at its rated 
RPM will draw approximately 38 amperes at full load. 
At the same time, the DC resistance of the armature is 
only 0.06 ohm. Based on Ohm’s law, 240 volts/0.06, 
4000 amperes is calculated to be the current flow in 
this circuit. The difference between the calculated 
value and the actual current is explained by the pres¬ 
ence of the counterelectromotive force (CEMF). 

As the armature of the motor rotates in the field of 
the stator, a voltage is induced into it (generator 
action). This voltage opposes the applied voltage, and 
reduces the amount of current required by the motor to 
develop its full horsepower. 

The CEMF can be calculated by subtracting the 
actual voltage drop across the motor from the applied 
voltage 

CEMF = E,-IR, 

= 240 - 2.28 
= 237.72 

The CEMF can never be equal to the applied voltage. 
There must be armature current to produce the torque 
to turn the armature in the stator field. This motion is 
necessary to induce the CEMF. The value, however, is 
relatively close to the value of the applied voltage. 
Figure 7-44 typifies the conditions which exist in a DC 
motor. It should be noted that the polarity of the CEMF 
is opposing the line voltage. This reduces the voltage 
across the armature. 

Using these new values, we find that Ohm’s law 
does apply. The voltage across the armature is 2.28 
volts instead of 240 volts. 2.28 volts divided by 0.06 
ohm, the armature’s resistance, gives the 38 amperes 
the motor draws under full-load conditions. 

Principles of Operation 

The basic principles of how torque is developed in the 
DC motor and how it continues to rotate were ex¬ 
plained in Chapter 6. This section should be reviewed 
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Figure 7-44. CEMF of the armature of a DC motor. 

in the event that a firm understanding of this theory 
was not achieved. 

For the DC motor to perform according to its 
specifications and operate over its predicted life ex¬ 
pectancy, good commutation is necessary. Poor com¬ 
mutation results in a lower efficiency for the motor and 
in excessive wear on the brushes and the commutator. 

Commutation changes the direction of current flow 
through the armature windings. The point of commu¬ 
tation should occur when the potential is zero between 
the coils being shorted. This reduces the arc between 
brushes and commutator. 

When the load changes, however, the current through 
the armature changes. The inductive nature of the 
armature opposes this change in current. This is the 
armature reactance. Armature reactance shifts the 
neutral plane causing poor commutation. To maintain 
the neutral plane, the brushes would have to be shifted 
in a direction opposite of that of rotation of the arma¬ 
ture. This is not practical in most cases. This is particu¬ 
larly true under conditions of varying loads. 

At the point of commutation, the self-induction of 
the armature coils opposes changes in current. This 
causes excessive short-circuit current to flow though 
the coils. This problem along with armature reaction 
must be addressed in the DC motor. 

Interpoles 

Interpoles are designed in DC motors to overcome the 
effects of the armature reactance and the self-induc¬ 
tion of the machine. Most shunt and compound DC 
motors over one-half horsepower have interpoles lo¬ 
cated 90 elecuical degrees from the main poles. Some 
motor designs use only one interpole with satisfactory 
results. Figure 7-45 shows this arrangement for a two- 
pole motor with two interpoles. 

Interpoles are wired in series with the armature. 
Any changes in the armature current due to armature 
reactance, loading, or self-inductancepass through the 



Figure 7-45. Interpole wiring for a 
two-pole DC motor. 

interpole windings. This creates a changing magnetic 
field equal to and opposite that of the armature, thereby 
cancelling the effect. 

Polarity of an interpole depends on the direction of 
rotation. The interpole’s polarity will always be the 
same as that of the main pole which precedes it. In 
Figure 7-45, the direction of rotation is clockwise as 
viewed from the commutator end of the motor. When 
direction of rotation of the motor is changed, the 
direction of current flow through the interpoles must 
be reversed at the same time. 

Figure 7-46 illustrates the effects by the interpoles 
on the magnetic field. Current flow in the windings of 
the main poles and the interpoles are also shown. 
Armature rotation is clockwise as viewed from the 
commutator end of the motor. 

Torque 

Factors that affect the amount of torque a DC motor 
develops are 

1. Amount of armature current 

2. Strength of magnetic field in which the 
armature must turn. 

3. The number of armature conductors and their 
active length. 

4. Radius of the armature in feet 
Torque is expressed mathematically as 

T = Fr 

where, 

F is the force exerted in pounds, 
r is the radius of the armature in feet 
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Figure 7-46. Effect of interpoles on the 
magnetic flux field of a DC motor. 

The unitpounds-feet is used to distinguish it from work 
which is given in foot-pounds. 

On a given motor, the torque can be controlled by 
varying the current to the armature or by changing the 
strength of the magnetic field. The other factors, 
number of conductors, length of the conductors, and 
the radius of the armature are fixed and become 
constants for a given motor. 

Work 

The amount of work the motor is capable of perform¬ 
ing would equal the force times the distance. In the 
case of a motor, the distance is equal to the circumfer¬ 
ence of a circle. Assuming a force of 100 pounds and 
a radius of 1 foot, the amount of work performed would 
equal 

Work = Force X Distance 
Work=100X2X3.14X 1 
Work = 628 Foot-Pounds 

Horsepower 

Power is the rate of doing work. The faster the motor 
turns, the more power it will develop. Assuming 1200 
RPM for the example above, the amount of power 
developed by the motor will equal 


Power = Foot-Pounds X RPM 
Power = 628 X 1200 
Power = 753,600 ft-lb/min 

Dividing this result by 33,000 foot-pounds per minute 
will provide the horsepower the motor is developing. 

Horsepower = 753,600/33,000 
Horsepower = 22.83 

If the speed is reduced by one-half, the horsepower is 
equal to 11.4. Doubling the speed will double the 
horsepower to 45.66. 

Motor horsepower, therefore, is a function of torque 
and speed. A small motor operating at a high speed can 
develop the same horsepower as a large motor operat¬ 
ing at a low speed. 

Reversing Direction of Rotation 

The starter motor in your automobile is a DC motor. If 
you were to accidentally reverse the battery polarity, 
the DC motor would still rotate in the same direction. 
Reversing polarity of the battery will not cause the 
motor to rotate in the opposite direction. 

To reverse the direction of rotation of this type of 
motor, either the current through the stator winding or 
the current through the armature must be reversed. 
Reversing both of them will result in the same mag¬ 
netic polarities between the armature and the stator 
poles. TTiis results in the same direction of rotation. 

The industry’s standard for revising the direction 
of rotation of a DC motor is to reverse the direction of 
the current through the armature. When a DC motor 
has more than one set of windings, shunt and series, as 
well as interpoles, the currents through all the stator 
windings would need to be reversed in order to change 
direction of rotation. This is far more complicated than 
merely reversing armature current 

Speed Regulation 

Motor speeds vary as they are loaded. This is an 
inherent characteristic of most motors. Speed regula¬ 
tion is the ability of a motor to maintain its speed from 
a no-load condition to a full-load condition. Speed 
regulation of motors is usually given as a percentage 
and is expressed mathematically as 

% Speed Regulation = 
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If a motor operates at 1200 RPM at no load, and its 
speed drops to 1150 RPM under load, then its speed 
regulation would equal 

% Speed Regulation = [(1200 -1150)/1150] X 100 
= 4.35% 

A motor with a small value of % Speed Regulation will 
provide less change in the RPM of a motor under 
varying load conditions. The motor with a higher value 
will change speed by a greater RPM from no load to 
full load. 

Types of DC Motors 

Direct current motors are classified and named accord¬ 
ing to how they are connected for field excitation with 
respect to the armature. There are three basic types of 
DC motors. 

When the field is connected in parallel with the 
armature, it is called a shunt^type motor. If the field is 
connected in series with the armature, it is classified a 
series motor. The third type, compound motor, has two 
field windings. One is connected in series with the 
armature, and the other is wired in parallel 

The compound motor can have the magnetic field 
of its series windings either aid or oppose the magnetic 
field of the shunt windings. When the fields aid each 
other, the motor is called a cumulative compound 
motor. If the fields oppose each other, the motor is 
classified as a differential compound motor. 


DC Shunt Motor 

Figure 1-Al provides a diagram of a DC shunt motor. 
The shunt windings are constructed of many turns of 
wire. There may be thousands of turns for this coil. It 
is connected in parallel with the armature of the motor. 

Direction of Rotation 

For normal rotation, which is counterclockwise, A1 is 
wired to FI, and A2 to F2. To reverse rotation, switch 
leads on the armature so A1 is connected to F2, and A2 
to FI. 

Speed Control 

Speed of the shunt motor varies directly with the 
CEMF and inversely with the magnetic strength of the 
field windings. The larger the CEMF, the faster the 
motor will run. The stronger the shunt field, the lower 
the RPM. To keep the speed constant, it is necessary to 




Figure 7-47. DC shunt motor. 

keep these two factors as independent of the load as 
possible. 

Field strength is kept constant by connecting the 
windings directly across the power source. Unless 
voltage varies, the magnetic flux will remain constant. 

Two factors effect the CEMF. These are the arma¬ 
ture current and the armature resistance. The use of 
interpoles will minimize the effects of demagnetiza¬ 
tion on shunt field flux and help maintain a constant 
speed. Some shunt motors have a short series winding 
added to the motor to help stabilize the speed. Because 
the series field has only a few turns and is weak, this 
motor is still basically a shunt type and no name 
change is necessary. 

The shunt DC motor is a constant speed motor. Its 
RPM changes very litde from no load to full load. 
Figure 7-48 shows a graph of these two variables. 

The starting torque for this motor is about 1.5 times 
the full-load torque (Figure 7-49). This is sufficient to 
start this type of motor while under full load. The shunt 
motor, however, has the lowest starting torque of any 
of the other DC motors. The amount of torque depends 
on how quickly the motor can come up to its rated 
speed when started under load. 

It is fairly simple and relatively inexpensive to 
convert the shunt motor into an adjustable speed mo- 
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Figure 7-48. Speed vs. load for a DC shunt motor. 



Figure 7-49. Torque vs. load for a DC shunt motor. 

tor. This can be accomplished by placing an adjustable 
resistor in series with the field windings (Figure 7-50). 

The addition of resistance in series with the wind¬ 
ings will reduce the current through the coil. Because 
the field current is relatively low, the wattage of this 
resistor need not be very large. 

A lower current results in a weaker magnetic field, 
and the motor will run above base speed. Motor torque 
is reduced by this process, and the maximum permis¬ 
sible load must dso be reduced for the motor to 
continue to run. See the graph in Figure 7-50. 

The motor can be made to run below the base speed 
by adding resistance in series with the armature. Be¬ 
cause the high armature current will flow through this 
resistor, considerable power is consumed, and the 
overall efficiency of the motor is reduced accordingly. 
This arrangement is also shown in Figure 7-50 along 
with the graph of percent of full-load speed versus 
percent of full-load torque. 

With the resistance in series with the armature, light 
loads will cause a small voltage to be dropped across 
the series resistance. The higher voltage is across the 
armature. 


Heavy loads result in just the opposite effect. Be¬ 
cause the voltage drop across the armature varies, this 
results in the speed of the motor changing. The motor 
would now be classified as a varying speed rather than 
a constant speed motor. More precisely, it remains an 
adjustable, varying speed motor. The operator can 
adjust the speed by changing armature resistance. 

Open Shunt Field 

The shunt field must never be opened while the 
motor is running. If the shunt field suddenly opens 
while the motor is being operated under full-load 
conditions, only a small voltage due to the residual 
magnetism of the pole pieces will be induced into the 
armature. Current will increase considerably. The 
magnitude of this current may be sufficient to bum out 
the motor. 

If the shunt field opens under a no-load condition, 
the armature current will once again increase. Because 
very little torque is needed to overcome the windage 
and friction, the motor would continually increase in 
speed. The centrifugal forces acting on the armature at 
these high speeds may be sufficient to cause it to fly 
apart. Under these conditions, the motor will act as a 
series DC motor. 

Series DC Motor 

Figure 7-51 illustrates the wiring diagram for a typical 
series DC motor. The field windings consist of a few 
turns of heavy gauged wire which are connected in 
series with the armature. The ends of the series coil are 
designated S1 and S2. Unlike the shunt motor, the field 
flux of this motor varies with the armature current 

Torque 

Series motors have the characteristic of developing 
very high starting torques. The reason for this is the 
same current that passes through the armature also 
passes through the field windings. For example, if the 
start current through the armature is two times the 
current at normal operating speed, then the current 
through the field windings will also be two times as 
great. These currents develop a torque on the armature 
that is 4 (2 X 2) times that of the normal operating 
speed. Figure 7-52 depicts these conditions. 

When the load increases on this motor, the armature 
slows down. This reduces the CEMF and allows the 
current through the armature and field windings to 
increase. The increase in current will increase the 
torque. 
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(B) Resistor in series with the armature for speeds below base speed. 


Figure 7-50. Adjustable speed DC shunt motor. 


Speed 

The speed of the series DC motor varies greatly de¬ 
pending on the load. This type of motor runs at very 
high speeds when unloaded. Under the no-load condi¬ 
tion, the current through the armature and the series 
field decreases. This reduces the flux density and 
therefore the CEMF. The armature must then turn 
faster to develop the CEMF to limit the current. The 
RPM of the motor can be six times the normal operat¬ 
ing speed. This is high enough for some of the larger 
motors to destroy themselves. The brush firiction, bearing 


losses, and windage are usually high enough on small 
motors to limit the speed to a safe level. 

If the load is increased, the armature current will 
increase. This creates a stronger magnetic field, and 
the armature will turn slower to develop the CEMF 
necessary to limit the current flowing through it. This 
wide range of speed due to loading is called the series 
characteristic. When an induction motor is designed to 
have a high slip with increased load, it has the series 
characteristic. 

Because of the high-speed series DC motors can 
develop, these machines should be eidiCT direct-coupled 
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Figure 7-51. Series DC motor. 



Figure 7-52. Torque vs. load of a DC series motor. 

or geared to the load. Belts are never be used for this 
purpose. If the belt was to break, the load would be 
removed, and the motor’s RPM could rise to a danger¬ 
ous level. 

Figure 7-53 graphs the speed versus the load of this 
motor. Figure 7-54 shows the combined graphs of the 
speed and current versus torque. 

The speed of a DC series motor can be controlled by 
reducing the voltage across the motor. This is illus¬ 
trated in Figure 7-55A. A series-adjustable resistor is 
wired in series with the motor. The resistor drops some 
of the voltage being applied to the motor. This causes 
the motor to run at a lower speed. Maximum speed is 
obtained when the adjustable resistor is set at “0,” and 
minimum speed occurs when the resistor is set at “3.” 



Figure 7-53. Speed vs. load of a DC series motor. 



Figure 7-54. Speed and current vs. torque 
of a DC series motor. 


Figure 7-55B depicts another method of control¬ 
ling the motor’s speed. In this case a resistor is also 
placed in parallel with the armature. This resistor 
reduces the armature current but leaves the current 
through the series field windings relatively constant. 
With reduced armature current die motor will run 
slower. 


Compound DC Motors 

Compound DC motors combine the characteristics of 
the shunt and series types of motors into a single 
machine. This motor has both the shunt and series 
coils. Figure 7-56 illustrates the connections for the 
compound motor. 

This motor does not have the disadvantage of a 
runaway speed as does the series motor. The shunt field 
has a constant current, thereby limiting the motor’s 
maximum speed when the load is suddenly removed. 

At the same time, this motor has good torque 
characteristics due to the series windings. When the 
load is increased, and the armature turns slower, the 
increased current through the armature provides for a 
greater torque. 
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(A) Series adjustable resistor. 
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(B) Shunt resistance. 

Figure 7-55. Methods of controlling the speed 
of a DC series motor. 
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The DC compound motor is a compromise between 
the series and shunt types. It limits the maximum speed 
the motor can achieve to a safe level, but its speed 
regulation is not as good as the shunt motor. At the 
same time it provides for relatively good torque which 
is somewhat lower than that of the series motor. 


Applications 

These motors are used to operate conveyors, eleva¬ 
tors, air compressors, hoisting equipment, paper cut¬ 
ters, printing presses, centrifugal pumps, and for a 
variety of purposes where the load fluctuates and a 
constant speed is not essential. They are often used in 
conjunction with a flywheel which stores energy under 
light loads and puts mechanical energy back into the 
system under increasing load. Rywheels help smooth 
out the fluctuation of line current and line voltage. 
Direct current compound motors are usually selected 
as the motor of choice when the line voltage at the plant 
changes suddenly or fluctuates greatly. 

Cumulative Compound Motor 

When the shunt and series coils are connected so that 
an increase in armature current in the motor causes an 
increase in the field flux, the motor is called a cumula¬ 
tive compound motor. This arrangement causes the 
motor to slow down faster than the shunt motor when 
the armature current increases. 

Some cumulative compound motors have controls 
that provide for starting as a series motor in order to 
develop a high torque. Once the motor is up to speed, 
the series windings are shorted, and the motor is run as 
a shunt motor for the better speed regulation character¬ 
istics. 

Differential Compound Motor 

The differential compound motor has its series and 
shunt coils wired so that an increase in armature 
current will cause a decrease in the flux field. This 
allows the motor to increase in speed as the motor’s 
load is increased. Because the field flux varies at a 
slower rate than the armature current in this motor, the 
torque will exceed the demand of the load. This is the 
only type of motor that provides for negative regula¬ 
tion. 

This type motor is sometimes referred to as a 
“suicide motor.” While the motor is operating, if the 
shunt field suddenly was to open, the series field would 
then take control. This would cause the polarity of the 
field poles to reverse. The motor will come to a sudden 
stop and begin rotating in the opposite direction as a 
series motor. Under certain conditions, this can cause 
extreme damage to the driven parts. Under other 
conditions of coupling, the load could be removed with 
reverse rotation. The motor would accelerate in speed 
and destroy itself. 
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These motors also have a tendency to start in the 
reverse direction if under a heavy load. Once again, 
damage may result. For these reasons, the differential 
compound motor is seldom used in industry. 

Universal Motors 

Universal motors get their name because they will 
operate either on DC or AC up to 60 Hz. Their 
performance will be essentially the same when oper¬ 
ated on DC or at 60 Hz. 

Applications 

One does not merely go out and buy a universal motor. 
They are designed for special applications. They are 
commonly used in common electrical hand tools such 
as power saws, portable drills, routers, and joiners. 
They are also used for vacuum cleaners, mixers, and a 
host of household appliances that require an electric 
motor. 

Theory 

The theory of operation of the universal motor is the 
same as that of the DC motor. Direct current motors do 
not operate well on AC because of poor efficiency, low 
power factor, and arcing at the brushes. The design of 
the universal motor reduces these deficiencies to an 
acceptable level. 

Shunt-type designs are not used for universal mo¬ 
tors because of the high reactance present when the 
motor is operated on AC. This would reduce the 
current flow through the shunt field and weaken the 
magnetic effect below the required torque to start the 
motor. 

Universal motors are designed as special types of 
AC series motors and have the series characteristic of 
thatof DC motors. The series field consists of few turns 
of heavy gauge wire. 

To develop the required torque, the armature is 
wound with more coils, each having fewer turns than 
the DC motor. The commutator of the universal motor 
will, therefore, have more segments than that of the 
DC motor. Inductive effect is reduced and the mag¬ 
netic field is approximately the same if operated on DC 
or AC. 

Because the armature and field are in series, the 
current is the same through them, and there is no time 
lag or phase displacement in the magnetic fields. The 
attraction and repulsion forces will nearly be the same 
if operated on DC or AC. Runaway speeds are avoided 


because the motor is either directly coupled or geared 
to the particular appliance in which it is being utilized. 

Losses 

Universal motors have copper, hysteresis, and eddy 
current losses as do other motors. Copper losses are 
held to the minimum by using larger-diameter wire. 
Hysteresis losses are limited by the annealing of spe¬ 
cial silicon steel. Laminated cores reduce the effects of 
eddy current loss. All of these methods were detailed 
before. 

Efficiency of universal motors is fairly low. They 
range from about 30% for small motors to 70% or 75% 
for larger types. 

Compensating Windings 

The armature reaction is greater in the universal than 
a DC motor of the same ratings. This is due to the larger 
number of armature conductors and armature magne¬ 
tomotive force (mmf) of this motor. Compensating 
windings are almost always used to reduce these 
effects. The compensating windings may be wired 
conductive (Figure 7-57A) or inductive (Figure 7-57B). 
These windings are set at 90 electrical degrees from 
the main field axis. The magnetic flux created by these 
windings will be proportional to the armature current. 




(A) Conductive coupled. (B) Inductive coupled. 

Figure 7-57. Compensation windings 
for the universal motor. 

Speed 

Full-load operating speeds are usually in the range of 
4000 to 16,000 RPM and may be over 20,000 RPM. 
Because of the high speeds available with these mo- 
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tors, they develop more horsepower per unit pound 
than any other AC motor. This makes them particularly 
applicable for portable tools. 

For example, a typical one-half horsepower induc¬ 
tion motor with a 5/8-inch shaft operating at 1750 
RPM will weigh approximately 30 pounds. A 254 
pound universal motor develops the same horsepower 
with a 5/16-inch shaft at 19,000 RPM. 

Most universal motors are coupled to their loads 
through a speed reducer. Spur and worm gears are 
common. Belts may be used with pulleys for this 
purpose. The friction and windage of the smaller 
universal machine is sufficient to limit the RPM below 
the destructive level in the event a belt breaks. Larger 
motors may present a danger, and belt coupling is not 
recommended. 

Speed controls are available on many devices that 
use the universal motor. This is accomplished by 
putting resistance in series with the series field and 
armature (Figure 7-58A), or reducing the voltage to 
the motor using a variable or tapped transformer (Figures 
7-58B and C). Silicon control rectifiers (SCR) are 
often also used (Figure 7~58D). These devices provide 
almost full torque at reduced speeds, whereas the other 
devices do not have as good torque characteristics at 
the lower speeds. Figure 7-58 illustrates these 
methods. 



(A) Variable resistance. 



(C) Tapped transformer. 


Reversing Direction of Rotation 

Universal motors may or may not be reversible. Non- 
reversible devices normally have three leads. These 
include the two leads for power and one lead for 
grounding the frame of the motor. Grounding is re¬ 
quired on portable tools due to the high incidence of 
electrocution caused by them (Figure 7-59). 

Reversible motors have four or five leads available 
for connection. One of these is the ground. 

The four lead motor only requires a single-pole, 
double-throw switch to reverse the direction of rota¬ 
tion. This arrangement requires two field coils that are 
wound in opposite directions to reverse their magnetic 
fields. These are usually concentrated-pole motors. 

Five lead motors require a double-pole, double¬ 
throw switch. This switch will reverse the direction of 
current either through either the armature or the series 
field, but not both. Figure 7-60 illustrates the four and 
five lead connections. 

Summary 

The split-phase motor is available as a general purpose 
or special service motor. General purpose motors may 
be loaded up to their service factor. They are used for 
medium-duty applications where starts and stops are 
frequent. The special service split-phase motor usually 



(D) Variable transformer. 



Figure 7-58. Speed controls for universal motor. 
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Figure 7-59. Nonreversible universal motor. 




Figure 7-60. Methods of reversing 
the universal motor. 

has a service factor of 1. It should be used only for the 
load for which it was designed. If used for other 
applications, the load should never exceed the horse¬ 
power rating of the motor. S tarts and stops must not be 
frequent 

Capacitor-start motors are used where the starting 
load is heavy. They operate as split-phase motors when 
up to operating speed. Their high starting torque re¬ 


quires only a normal starting current. They can carry 
small overloads continuously and large overloads on 
an intermittent basis. 

Capacitor-start, capacitor-run motors have the 
advantage of the high starting torque of the capacitor- 
start motor. The capacitor used to start the motor is 
normally an electrolytic. The run capacitor is an oil 
type. A centrifugal switch is used to change the capaci¬ 
tors from the start to run condition. The torque is higher 
than the split-phase motor in the run condition. 

Permanent split-capacitor motors are designed so 
that the capacitor delivers equal values in the start or 
run cycle. They have lower starting torque than the 
other two types of capacitor motors. They do not 
require a starting switch and are easy to maintain. They 
have a high efficiency and a high power factor. 

Shaded-pole motors have a low starting torque and 
their applications are limited to light-duty loads. They 
are relatively inexpensive and easy to maintain. They 
do not have a service factor and must be operated at 
their rated load. 

Repulsion motors have largely been replaced by 
capacitor-start motors. They are more expensive than 
other types of motors, but they have the highest start¬ 
ing torque per ampere than any other single phase 
motor. Maintenance is frequently required on these 
motors with resulting higher cost of operation. 

Direct current motors have become increasingly 
popular in industry. This is due to their characteristics 
of being highly controllable in speed, torque, and 
horsepower. Their direction of rotation can be easily 
reversed. Precision movements can be accomplished 
with them. 

Universal motors are primarily used in small tools 
and appliances. Their primary advantage is that they 
can develop high torque and horsepower. This is ac¬ 
complished with a small, lightweight machine. These 
machines have a limited life expectancy. 

Questions 

1. The voltage ratings for most FHP, single¬ 
phase induction motors is_. 

2. What are the general classifications used to 
designate speed control for motors? 

3. Will a split-phase induction motor run at the 
synchronous speed? Explain. 

4. How is a rotating magnetic field obtained in 
a split-phase motor? 
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5. What is the displacement in electrical 
degrees between the main and auxiliary poles 
of the split-phase motor? 

6. The start windings of a split-phase motor is 

removed from the circuit at 70% to 80% of 
the operating speed by a_. 

7. What letter of the alphabet is used to 
designate the leads of a motor? 

8. A motor lead has the prefix “P.” What does 
this tell you? 

9. If a color code is used instead of a prefix 
with a number, what would be the color of 
the leads connected to the start windings of a 
motor? 

10. Can the start and run windings of a split- 
phase motor be determined without disman¬ 
tling the motor if there is no distinguishable 
markings on the leads? Explain. 

11. Is it possible to reverse the direction of 
rotation of a split-phase motor? Explain. 

12. How would you connect the run windings of 
a dual-voltage motor to operate at the higher 
voltage? Is this true for the start windings 
also? 

13. Under which condition on a dual-voltage 
motor would a thermal protector be wired in 
series with both run windings? 

14. How is the speed of a split-phase motor 
usually changed? 

15. How are consequent poles formed? 

16. What is the advantage of the capacitor-start 
motor over the split-phase motor? 

17. How is the capacitor wired in a capacitor- 
start motor? 

18. Capacitors used with motors are rated in 

_and_. 

19. Does the value of capacitance needed for a 
capacitor-start motor increase or decrease as 
the horsepower is increased? 

20. How does the capacitor-start motor differ 
from the split-phase motor when both are in 
their run cycles? 

21. Can all capacitor-start motors be reversed? 

22. Is it possible to instantly reverse the direction 
of rotation of a capacitor-start motor while it 
is running? 


23. Will a two-speed capacitor start motor that 
uses a single capacitor start on its low speed? 

24. What type of capacitor is used on a capaci¬ 
tor-start, capacitor-run motor when the same 
capacitor is used for both functions? Why? 

25. What is the advantage of using a capacitor in 
the circuit during the run cycle? 

26. How is the direction of rotation of a perma¬ 
nent-split capacitor motor reversed? 

27. How does the starting torque of a shaded- 
pole motor compare to that of a capacitor- 
start motor? 

28. In which direction does a shaded-pole motor 
rotate? 

29. Which type of FHP single-phase motor has 
the highest starting per ampere? 

30. The brushes of a repulsion-start, induction- 

run motor are_together. 

31. The purpose of the centrifugal device on a 
repulsion-start, induction-run motor is to 

_the commutator segments. It may 

also be used to_the brushes from the 

commutator when the motor is running at 
normal speed. 

32. Will a repulsion-type motor start when the 
brushes are set at either the soft or the hard 
neutral? 

33. When is maximum starting torque developed 
in the repulsion-type motor? 

34. Which type of repulsion motor uses a 
centrifugal switch? 

35. Which type of repulsion motor has a squirrel 
cage rotor embedded in the windings? 

36. Which type of repulsion motor starts and 
runs on the repulsion theory? 

37. Why are direct current motors used more 
frequently for industrial applications? 

38. What is the primary factor that limits current 
flow through the armature of a DC motor? 

39. Which type of DC motor tends to develop 
high speeds when it is not under load? 

40. Interpoles reduce the effects of_ 

_and of_. 

41. Motor horsepower is a function of_ 

and_. 


183 



Motors 7 


42. How can the direction of rotation of a DC 
motor be reversed? 

43. Increasing the current flow through the shunt 

field of a DC motor will cause the RPM of 
the motor to_. 

44. Which type of DC motor has the highest 
starting torque? 

45. Which type of DC motor has both shunt and 
series field windings? 

46. A differential compound motor is sometimes 

referred to as a_motor. 


47. The_motor operates well on either 

AC or DC power. 

48. How are runaway speeds prevented for the 
universal motor? 

49. What special arrangement is used in the 
universal motor to overcome the effects of 
armature reaction? 

50. How is the size and weight of the universal 
motor reduced while the motor is capable of 
developing comparably large horsepower? 
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Polyphase motors are either two- or three-phase mo¬ 
tors. Their construction is similar, but the wiring of the 
coils is different. Two-phase motors are seldom used 
and will not be discussed in any detail. Suffice it to say 
that the phase relationship of the voltages in this type 
of system is 90® apart. Voltage between phases will be 
equal to 1.414 (square root of 2) times the single-phase 
voltage. This value is less than the 1.73 multiplier 
(square root of 3) for three-phase systems. The theory 
of operation for two-phase motors is the same as for 
three-phase motors. 

General Considerations 

Three-phase motors are common in industry. They 
vary in size from fractional horsepower to several 
thousand horsepower. Usually they are multiple- 
horsepower motors. 

Maintenance and Repair 

Maintenance and repairs on three-phase motors are 
generally less than that needed for single-phase mo¬ 
tors. Three-phase motors do not require the addition of 
a start winding, centrifugal switches, or capacitors to 
operate. Maintenance and repair procedures for two- 
and three-phase motors are essentially the same. 

Power Requirements 

These motors are manufactured for almost every stan¬ 
dard voltage and frequency. Any value of distribution 


voltage can be used as the basic supply. Transformers 
are available to step the voltage up or down to meet the 
requirements of the motor. Often three-phase motors 
are dual-voltage motors. In most cases they operate at 
60 Hz. 

Three-phase power systems supplying these motors 
are three, single-phase systems. The difference is that 
the voltage of each phase is displaced from the other 
two phases by 120®. 

Operating characteristics of three-phase motors are 
superior to that of single-phase machines. The reason 
for this is the single-phase system supplies zero power 
to the motor as it alternates. Alternations occur two 
times each cycle. If the power factor is less than unity 
for a single-phase system, the power going to the load 
is actually negative during part of the cycle. The power 
to a three-phase motor is nearly constant for the entire 
cycle. 

Stator 

These motors are simple to manufacture. Like the 
single-phase motors, three-phase motors consist of a 
stationary part called the stator, and a revolving part, 
the rotor. 

Power is applied to the stator windings of a three- 
phase motor. The magnetic field created is due to the 
interaction of three groups of coils. Each phase will 
have at least one group of coils. A two-pole motor will 
have six groups (3 X 2); a four-pole motor will have 12 
groups (3 X 4); a six-pole motor will have 18 
groups (3 X 6); and an eight-pole motor will have 24 
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groups (3 X 8 ). These coils overlap each other as they 
are positioned in the slots of the stator. 

The stator’s flux field is a rotating magnetic field. 
An explanation of how this field is created is given in 
Chapter 6 . Review that section of the text if you do not 
have a firm understanding of this principle of opera¬ 
tion. 

Transformer Action 

For induction types of three-phase motors, the rotor 
receives its power through transformer action. The 
magnetic field created by the current flowing in the 
stator cuts the conductors in the rotor and causes 
current to flow. Magnetic flux produced by the stator’s 
current is almost constant. This is due to the stator 
being directly across the power source. The CEMF of 
the rotor is nearly equal to the EMF that produces 
current flow in it 

When current increases in the rotor circuit, its 
magnetic flux will increase. This flux will oppose the 
stator’s flux and cancel it. Because the voltage across 
the stator is constant and cannot change, the stator’s 
current will increase due to the reduced inductive 
reactance to compensate for the effect of the rotor’s 
field. 

Rotor Current 

The induced current in the rotor creates its own mag¬ 
netic field. Rotor current varies directly with the load 
and the induced voltage. It varies indirectly with tlie 
rotor impedance. The rotor impedance (Z^) is equal to 
the vector sum of its resistance (R^) and the reactance 
(Xk). 

Zr = VRr^ + Xr2 

The rotor for three-phase motors is either a wound 
or a squirrel cage type. Wound rotors have a higher 
reactance than the squirrel cage. Squirrel cage rotors 
are designed to have different impedances. The only 
means of changing the impedance after they are manu¬ 
factured is to operate the machine at a different fre¬ 
quency. 

Rotor reactance will be affected by the frequency of 
the current passing through it. The frequency of the 
induced current in the rotor is a function of the fre¬ 
quency of the stator current and the percent of slip. The 
rotor frequency is 60 Hz, or the line frequency if other 
than 60 Hz, for a locked rotor, and zero hertz if turning 
at synchronous speed. Rotor frequency is calculated by 
means of the following formula. 


F^ = F,X%Slip 

where, 

F^ is the rotor frequency, 

Fj is the stator frequency. 

Applying this formula to a 60-Hz, three-phase motor 
having a 5% slip, we find the frequency of the current 
in the rotor to be 3 Hz. Determine the frequency of the 
rotor current for an eight-pole, 60-Hz motor that turns 
at 825 RPM. If your answer is 5 Hz, you are right 
For this particular problem, the % slip must be 
determined first. In this case, an eight-pole motor 
would have a synchronous speed of900. To determine 
% slip: 

% Slip = [(900 - 825)/900] X 100 
= 8.333% 

and 

F = 60 Hz X 0.08333 
= 5Hz 

Torque 

Starting currents may be relatively low or very high. 
Starting torque on these motors may be high, or they 
can be designed to produce a low torque. The motor 
may be designed for a high or low torque at its rated 
RPM. 

The torque developed by the induction motor de¬ 
pends mostly on three factors. These are the 

1. Rotor current 

2. Strength of the magnetic flux field 

3. Phase angle between the rotating magnetic 
flux and the rotor currents 

The formula for determining the torque is 
T = K(pI^XPF^ 

Torque is equal to a constant for any given motor (K), 
times the flux in the stator ( 9 ), times rotor current (I^), 
times the rotor’s power factor (PF^^). The power factor 
is equal to the cosine of the angle between rotor current 
and the magnetic flux. 

Maximum torque is always produced when the 
phase relationship between the rotor current and the 
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flux field is 45 electrical degrees apart. The power 
factor is 70.7% at this point (cos 45®). This condition 
occurs when the rotor’s resistance is equal to its 
reactance. 

Wiring Diagrams 

All three-phase motors are either star (wye) or delta 
wired. Most of these motors have dual windings in 
each phase to provide for dual-voltage operation. Nine 
leads are generally available for wiring the motor to 
the power source. The numbering of these leads has 
been designated by NEMA standards. Figure 8-1 
illustrates the identification of tlie leads by the num¬ 
bers assigned to a wye wired motor. Figure 8-2 depicts 
the delta wired three-phase motor. 



Figure 8-1. Standard numbering system for the leads 
of a three-phase star (Wye) wired motor. 
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Figure 8-2. Standard numbering system for the leads 
of a three-phase delta wired motor. 


In wye connected motors the ends of each of the 
individual phases join at a common point. In delta 
wired motors the ends of each phase are connected to 
the beginning of the next phase. An electrician needs 
only an ohmmeter or a battery and bell to determine a 
motor’s wiring scheme. 

There is continuity between three pairs of wires and 
one set of three wires for the wye connected, dual¬ 
winding motor. The meter will deflect or the bell will 
ring in the following cases: T1-T4,T2-T5, andT3-T6 
for the three pairs; and T7-T8-T9 for the set of three 
wires. 

The continuity check on a delta system will identify 
three separate sets of three wires. These combinations 
are: T1-T4-T9, T2-T5-T7, and T3-T6-T8. 

Competent electricians are able to visualize the 
wye and delta connections. They must also know the 
numbering system to wire the motor correctly. Check 
the wiring diagram on the motor nameplate. 

In the majority of cases, L1, L2, and L3 of the power 
lines connect to Tl, T2. and T3 of the motor leads, 
respectively, for both the wye and the delta motor. This 
will provide counterclockwise rotation of the motor as 
viewed from the bell housing end of the motor. Tl, T2, 
andT3 also corresponds to the start of each winding for 
each phase. The number of the opposite end of each of 
these coils is determined by adding three. The opposite 
end of Tl will beT4, T2 will be T5, and T3 will be T6. 

The three remaining leads are T7, T8, and T9. These 
numbers are the start points for the second winding for 
each phase. Adding three to the end number of each 
winding connected to the power source will provide 
the number for the start point of the second coil which 
belongs to that phase. T7 belongs with T4, T8 with T5, 
and T9 with T6. 

Dual-Voltage Connections for the Wye Wired 
Motor 

Figure 8-3 illustrates the wye connected motor wired 
for its higher voltage. The three phases of the power 
line go to Tl, T2, and T3, respectively. The two 
windings on each phase are in series with each other. 
This is accomplished by wiring T4 toT7, T5 to T8, and 
T6toT9. 

Figure 8-4 shows the lower voltage configuration 
for the wye-wired motor. Leads T1-T7, T2-T8, and 
T3-T9 are connected together and wired to L1, L2, and 
L3, respectively. To complete the star connection, 
T4-T5-T6 are joined. This arrangement places the 
windings in parallel with each other with two star 
points. If the common star point at the ends of T7, T8, 
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LI L2 L3 



Figure ^3. Wye-wired motor connected for higher 
voltage. 

and T9 are available, the common points of the two 
stars can be wired together. This provides a common 
star point for both sets of windings. 

Dual-Voltage Connections 
for the Delta-Wired Motor 

Figure 8-5 illustrates the delta-wired motor connected 
for its higher voltage. In this case, T4-T7, T5-T8, and 
T6-T9 are connected. The windings of each phase are 
in series with each other. The three phases of the power 
line, LI, L2, and L3 connect to Tl, T2, and T3, 
respectively. 

Figure 8-6 depicts the delta-wired motor connected 
for the lower voltage configuration. In this case, 
T1-T6-T7, T2-T4-T8, andT3-T5-T9 are joined and 
wired to LI, L2, and L3, respectively. This arrange¬ 
ment puts the two windings of each phase in parallel 
with each other. Full line voltage will be across each 
winding. 



LI L2 L3 



0-@-0 

Figure 8-4. Wye-wired motor connected 
for lower voltage. 

Another arrangement sometimes provides for the 
motor to be wired delta for the lower voltage and wye 
for the higher voltage. The wye-wired motor requires 
a voltage 1.73 times higher than that of the delta-wired 
motor. This motor has a single winding for each phase. 
Six leads are brought out of the motor. Two for each 
phase. Figure 8-7 shows the numbering sequence of 
the leads. 

For the wye connection, T4-T5-T6 are wired to¬ 
gether. LI, L2, and L3 connect to Tl, T2, and T3, 
respectively. Delta wiring for the lower voltage re¬ 
quires T1-T6, T2-T4, T3-T5 to be joined and con¬ 
nected to LI, L2, and L3, respectively. Motors are 
sometimes wired wye when started. This arrangement 
provides for reduced voltage during this cycle. As the 
motor comes up to speed, the windings are switched to 
the delta wiring scheme for the run cycle. 
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Figure 8-5. Delta-wired motor connected 
for higher voltage. 

Motor Speed 

RPM of three-phase induction motors is dependent 
upon the synchronous field speed minus the slip. The 
synchronous speed changes with the number of poles 
and the frequency of the power source. The synchro¬ 
nous speed at 60 Hz can be determined by the follow¬ 
ing formula. 


L1 L2 L3 



Figure 8-6. Delta-wired motor connected 
for lower voltages. 

the constant horsepower can be expressed by the 
following mathematical formula: 


Synchronous Speed = 120 X Hz/Number of Poles Horsepower = (Torque X RPM)/5252 


A two-pole induction motor will operate at 3600 
RPM minus the slip; a four-pole motor will revolve at 
1800 RPM minus the slip; and the RPM of an eight- 
pole motor would equal 900 minus the slip. 

Multispeed motors, depending on the wiring scheme, 
provide different operating characteristics. They are 
known as constant horsepower, constant torque, and 
variable torque motors. 

Torque varies inversely with the speed in a constant 
horsepower motor. More current will flow at the low 
speed, thereby increasing the torque. The torque de¬ 
creases in the same ratio as the speed increases. When 
torque is given in pound-feet, and the speed is in RPM, 


Horsepower changes in proportion to the speed in 
the constant torque motor. The horsepower and the line 
current increase in the same ratio as the motor speed to 
provide constant torque. Connections for constant 
torque motors are usually opposite those of the con¬ 
stant horsepower type. 

Torque in variable torque motors varies inversely 
with the speed. The horsepower varies with the square 
of the speed change. Torque and horsepower both 
increase at the higher speed. 

There are several methods of controlling the speed 
of three-phase motors. Some of these are 

1. Changing the frequency of the power source. 

2. Changing the number of poles. 
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one-half its value. Using the consequent-pole method 
and two sets of windings for each phase will provide 
the necessary conditions to obtain four definite speeds 
on a given motor. 

When motors operate at different definite speeds, 
the number of leads brought out fiom the windings on 
the stator may vary from the standard nine-lead ar¬ 
rangement. Figure 8-8 illustrates a two-speed, con¬ 
stant torque motor where only six leads are available 
for wiring the motor. 

T4 



3. Changing the percent of slip. 

4. Using a foreign voltage in the secondary 
windings. 

Changing the frequency of the power source is a 
special application. Each motor requires its own gen¬ 
erator or frequency converter. This method is some¬ 
times employed for single large motors that require 
precision speed control. Broad usage of this method is 
not feasible for ordinary usage of motors. Electricians 
working on these systems need specialized instruc¬ 
tions and careful study of the equipment for which they 
are responsible. 

Speed of the three-phase motor varies inversely 
with the number of poles. The number of poles is 
changed by using two or more sets of windings and 
poles. Only definite speeds are obtainable by this 
method. The maximum number of speeds available by 
changing the number of poles is usually limited to four. 

The number of poles can also be changed using the 
consequent-pole method. This is accomplished by 
changing the direction of current though the windings 
so that pairs of poles for each phase have the same 
polarity. The consequent-pole method effectively doubles 
the number of poles and reduces the motor’s RPM to 



LOW SPEED high SPEED 


Figure 8-8. Two-speed, constant-torque motor 
using six leads. 

This motor has either four or eight poles. Twelve 
windings are necessary to obtain the four poles for high 
speed. This corresponds to the three phases times the 
number of poles. Operation at the low speed requires 
eight poles. The additional poles are obtained using the 
consequent-pole method. The number of poles differs 
due to the wiring changes explained below. 

For low-speed operation, T1, T2, and T3 connect to 
the respective three-phase power lines. T4, T5, and T6 
are taped separately, insulated, and are not used. The 
windings of each phase are connected series-delta. 



Polyphase Mottors 


High-speed operation requires T6, T4, and T5 to be 
connected to the corresponding power lines. Tl, T2, 
andT3 are joined together and insulated. This provides 
two-wye circuits in parallel with each other. 

Figure 8-9 illustrates another six-lead motor which 
also provides two speeds with constant horsepower. 
Two parallel star circuits provide the low speed. In this 
case, T4, T5, and T6 are joined. The power lines 
connect to Tl, T2, and T3, respectively. 



©00 

HIGH SPEED 


Figure 8-9. Two-speed, constant-horsepower motor 
using six leads. 


For high speed, Tl, T2, and T3 are taped separately 
and insulated from the rest of the circuit. T6, T4, and 
T5 connect to LI, L2, and L3, respectively. This 
provides a series-delta wiring configuration. 


Two-speed, single-winding motors may also have 
seven leads brought out The coil to which the seventh 
lead is attached can be used for normal operation when 
connected to T3. It can also operate with another 
winding in the same motor. On three- or four-speed 
motors the open winding is necessary to prevent unwanted 
circulating currents. Figure 8-10 depicts the seven- 
lead motor. 


T4 



Figure 8-10. Two-speed, constant-torque motor using 
seven leads. 

Slip varies proportionally to the square of the volt¬ 
age. If the voltage decreases, the slip of the motor will 
increase, thereby reducing the speed of the motor. At 
the same lime, the breakdown torque of the motor 
decreases as the square of the voltage. This places the 
motor in jeopardy of stalling while under load. The slip 
increases in proportion to any load change on an 
induction-type motor. Changing the impressed voltage 
across an induction-type motor to vary its speed is not 
recommended for this reason. This method may, howevo*, 
be used in an emergency and in some special circum¬ 
stances. 

Another method of using slip for speed control is to 
change the amount of resistance in the secondary 
circuit, the rotor. This can only be done on the wound 
rotor-type motor. A squirrel cage rotor’s resistance is 
fixed and cannot be varied for speed control. 

The resistance method provides for variable speeds. 
Resistance is introduced into the rotor by connecting a 
three-phase rheostat through slip rings in series with 
the windings. Figure 8-11 depicts this condition. 
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Figure 8-11. Speed control of a polyphase motor 
through use of resistance in series 
with the rotor windings. 

Once set, the motor will run at a constant speed 
unless the load changes. Increased load will decrease 
the speed of the motor due to the slip. The load should 
be relatively constant for this method to effectively 
provide a fixed speed. 

Additional resistance in series with the rotor wind¬ 
ings will decrease the motors RPM if it is under load. 
The RPM will not change very much if the motor is not 
loaded, or under very light load. 

This method lacks efficiency due to the power 
consumed by the resistance. The slower the motor 
runs, the lower the efficiency. 

The introduction of a foreign voltage through slip 
rings into the rotor windings of a three-phase motor 
can also be used to control the speed. If this voltage 
opposes the induced voltage in the rotor, the RPM of 
the motor is reduced. When the voltage aids the in¬ 
duced voltage, the speed of the motor will increase. 
This method allows operating speeds at, above, and 
below the synchronous speed of the motor. This method 
has the advantages of higher efficiency, and the RPM 
of the motor is practically constant when the motor 
operates within its horsepower rating. Figure 8-12 
illustrates one of these methods. 


Electricians who work on motors must be aware 
that the numb^ of leads on a three-phase motor may 
differ from the common nine-lead arrangement. The 
nameplate information and manufacturer's specifica¬ 
tions must be studied to assure proper wiring for the 
speed, torque, and horsepower desired. 

Direction of Rotation 

Three-phase motors turn in the direction of the rotating 
magnetic field. The direction of rotation of these 
motors can be easily changed. This is accomplished by 
reversing the connections of two of the power lines to 
the motor leads. The result is the rotating magnetic 
field will reverse, and the rotor will turn in that 
direction. 

When the application requires the motor to run in 
either direction, magnetic starters or contactors are 
generally used to reverse the connections between the 
three-phase power and the motor. Figure 8-13 shows a 
controller circuit that will cause the direction of rota¬ 
tion of a three-phase motor to reverse. 


LI L2 L3 


F 
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Figure 8-13. Magnetic controllers used to reverse the 
direction of rotation of a three-phase motor. 



Figure 8-12. Speed control of polyphase motors using a 
foreign voltage in the windings of the rotor. 


T>^pes of Three-Phase Motors 

There are three basic types of three-phase motors in 
use today. These are the squirrel cage, woundrotor, and 
synchronous motors. Each of these requires three- 
phase power for their operation. Stators for all three of 
these motors are essentially the same. The motors 
differ from each other due to the rotor design. 

The squirrel cage and wound rotor types use the 
principles of induction and the rotating magnetic field 
to start and run. The synchronous motor in its standard 
design is not self-starting due to the dead weight of its 
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rotor. Synchronous motors need special designs or 
provisions to come up to speed and to lock in sync with 
the rotating magnetic field. These motors make use of 
a foreign voltage on the windings of the rotor. 

Three-Phase Squirrel Cage Motor 

Three-phase motors meet most of the requirements of 
industry. Because of their simplicity of construction, 
low maintenance cost, and versatility, these machines 
are chosen for most applications. These motors have 
good speed characteristics, are adaptable to most 
mechanical loads, and they can be easily reversed. 
They are suitable for use in areas where the air contains 
explosive mixtures. 

Of the three polyphase motors that are discussed in 
this chapter, the squirrel cage induction motor is the 
one most often chosen. To operate, this motor requires 
only the interaction of the stator and rotor fields 
through the principles of induction. It has no need for 
brushes or slip rings that require maintenance. This in 
turn increases the ruggedness of this type of motor. It 
is self-starting due to the rotating magnetic field and 
requires no special provisions required by any single¬ 
phase motor. Figure 8-14 depicts this type of motor. 

The squirrel cage motor may be either wye or delta 
wired. It may be either a single- or dual-voltage type. 

Rotor 

The core of the rotor of the squirrel cage motor is 
constructed of steel laminates. Ibe material is usually 
the same as that used for the stator. There can be less 
laminates, and they can be thicker, without producing 
excessive eddy currents and hysteresis losses. This is 
due to the lower frequency of the rotor *s magnetic flux. 

Slots on the rotor are normally arranged in a diago¬ 
nal fashion, or skewed. This minimizes the noises due 
to the magnetizing forces and smoothes torque vari¬ 
ations. 

The number of slots is never the same as the number 
of stator slots. There may be more or less slots on the 
rotor, but the number will never be an equal multiple or 
division of the number of stator slots. This arrange¬ 
ment prevents dead spots, or points of zero torque. 

Rotor conductors may be round, square or rectangu¬ 
lar. They are made of copper, aluminum, or brass. The 
rotor conductors are inserted into the slots of the core 
and are not insulated from the core. Insulation is not 
necessary since the induced voltage into the conduc¬ 
tors is seldom greater than 10 volts. In most cases it is 
considerably less. 


T1 


T4 



T1 



Figure 8-14. Three-phase, squirrel-cage 
induction motor. 


End rings complete the circuits for the rotor’s 
conductors. They are generally made of the same 
material as the conductors. The shape of the end rings 
differs between design and manufacturer. 

Due to the large temperature change between no- 
load and full-load conditions, a good electrical con¬ 
nection is necessary between the conductors and end 
rings. Rotor bars are usually welded, brazed, or bolted 
to the end rings in order to achieve this condition. On 
small motors some manufacturers place the assembled 
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rotor core in a mold and pour molten conductive 
material into the mold to make the conductors. Alumi¬ 
num is normally the conductor of choice when this 
process is used. The mold also may include provisions 
for cooling fins. 

Although the squirrel cage rotor is more rugged 
than the wound rotor, points of high resistance or opens 
sometimes occur where the conductors are joined to 
the end rings. When this happens, the motor will have 
reduced starting torque and will slow down when 
under load. Discoloration due to heat at the joint 
between the end rings and the rotor bar is evidence of 
this problem. Because brazing of these joints or replac¬ 
ing the bar requires special skills, the rotor must go to 
a motor shop for repairs. 

Resistance and inductance of the rotor is not vari¬ 
able. It is determined by the design of the rotor and it 
is set at the time the motor is produced. The amount of 
rotor resistance and inductance is determined by the 
engineer based on the motor’s application. 

Rotor resistance is usually less than 1 ohm. The 
exact value depends on the physical characteristics of 
the conductors. Resistance varies with the type of 
material used, the length of the conductors, and the 
circular mil area. 

Inductance of the rotor can be changed by using 
slots of different dimensions. A deep slot produces 
greater inductance than a shallow slot 

Airgap 

The airgap is the radial distance between the rotor and 
the stator. Because the magnetizing field of the stator 
tends to confine itself to the iron of its magnetic circuit, 
it requires a magnetizing force (NI) several times 
greater to cross the air gap to the rotor. The increased 
current needed to produce this field lags the voltage by 
90° and is mostly wattless power. This lowers the 
overall efficiency of the machine. For this reason, the 
airgap is kept as small as possible. 

Measurements are made on the drive end of the 
motor. This end will have the greatest bearing wear. 
Most motors have openings for this purpose. Four 
measurements must be taken to insure the rotor is 
centered between the teeth of the stator. These are 
performed 90° apart. This check is essential on large 
motors and for those with sleeve bearings. Ball bear¬ 
ings normally fail before showing signs of wear. Rec¬ 
ords of the measurements are kept for comparisons so 
that changes in distances can be detected. 


Operating Characteristics 

Three-phase, squirrel cage motors being manufac¬ 
tured today that use NEMA standards are of four basic 
designs. These are the following. 

1. Design A. This motor has normal torque and 
normal starting current Design A is a constant 
speed motor with a slip from 2% to 5%. 
Locked-rotor torque ranges from 275% of 
normal running torque for a 1-horsepower 
motor with a synchronous speed of 1800, to as 
low as 70% for a 500-horscpower motor oper¬ 
ating at 3600 RPM. The percent of torque de¬ 
creases with increased horsepower and 
reduced RPM. Locked-rotor currents range 
from 500% to 1000% of full-load current 
These motors often require reduced-voltage 
starting. 

2. Design B, Design of this motor provides for 
normal starting torque and low starting 
current. The rotor has high resistance and high 
reactance when the motor is starting. These 
values become close to Design A values when 
the motor is running. Starting currents under 
full-voltage starts are within the limitations of 
most powar companies for motors of 30 horse- 
powa* or less. 

3. Design C. This motor develops high torque 
and has low starting current similar to Design 
B. It has two squirrel cage windings on the 
rotor, one plac^ above the other. During the 
starting, most of the current is carried by the 
outside windings which have a high resistance. 
The high resistance provides for the high 
torque. When the rotor comes up to speed, 
both rotor windings act equally in carrying the 
current 

4. Design D. The rotor for this motor has a high 
resistance for starting and running. Because 
the resistance of the rotor is high, starting 
torque is high, and the slip of the motor is 
greater. These motors are designed to have 
medium slip, 7% to 11%, or high slip, 12% to 
17%. Most of these motors can be started 
under full voltage without drawing prohibitive 
currents. 

The efficiency of the polyphase squirrel cage motor 
ranges from 60% for a one-half horsepower motor 
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under one-half load, to 94% efficiency for a 300- 
horsepower motor under full load. The higher horse¬ 
power motors provide higher efficiency. 

Reducing load decreases efficiency. The motor 
becomes more inductive-reactive under these condi¬ 
tions, and the power factor decreases. This in turn 
increases the losses of the motor. For this reason, the 
motor should be matched closely to the load. Avoid 
using motors too large for the intended load. 

Standard squirrel cage motors. Design A, have a 
comparatively low starting torque which is in the range 
of 150% to 200% of the full-load torque. This is due to 
the low resistance and high reactance of the rotor 
windings. They must often be started using reduced 
voltages to lower the excessive starting currents which 
are in the range of 400% to 900% of the running 
current 

As the motor comes up to speed under a no-load 
condition, the slip decreases. The current decreases to 
its maximum no-load current, and the power factor 
improves. Only enough current flows to overcome 
bearing friction, windage, and power losses. 

When the motor is placed under load, it must 
develop enough torque to overcome the mechanical 
load while turning at a constant speed. Current in¬ 
creases in the rotor to supply more torque. Adding 
more load will again cause the current to increase 
further. This action will continue until the motor has 
developed its maximum running torque. The increase 
in rotor current in tom causes a larger magnetic field 
which must be neutralized by the stator field. Stator 
current will increase just as the primary current of a 
transformer increases with the increased load on the 
secondary. 

Maximum torque occurs when the rotor’s reactance 
is equal to the rotor’s resistance. If additional load is 
added at this point, the motor will tend to stall or stop. 
This is the point of breakdown torque or pull-out 
torque. The maximum torque the motor can develop is 
in the range of 150% to 225% of its full-load horse¬ 
power. A motor rated at 10 horsepower is capable of 
developing 15 to 22.5 horsepower maximum torque. 

Pull-out torque occurs in the standard squirrel cage 
rotor motor at about 75% of synchronous speed, or at 
25% of slip. Above this speed, the motor is stable. An 
increase in load will result in an increase in torque. 
Below this speed, an increase in load will result in 
decreased torque, and the motor will be forced to stop. 

Full-load torque is established by the design of the 
motor. Usually this value is somewhat above the 75% 
of synchronous speed to allow for any minor overloads 
that may occur. 


When the motor is operated at full load and at rated 
voltage, it develops its f^ull horsepower at its rated full¬ 
load current. The power factor of the line will be within 
the stated power factor of the motor. 

Three-Phase, Wound Rotor Motor 

Wound rotor motors have the ability to provide high 
starting torques and are used for applications where 
high inertia loads must be started smoothly and effec¬ 
tively. They have relatively lower starting currents 
than a comparable squirrel cage motor. Because of 
this, full-voltage starting across the line is often pos¬ 
sible. 

Stator 

The stator windings for the wound-rotor motor is the 
same as that of the squirrel cage type. This motor 
operates on the same principle of the rotating magnetic 
field. Calculations for its synchronous speeds are made 
in the same manner for both motors. The wound rotor 
motor has an additional advantage in that its speed can 
be adjusted. This is accomplished by varying the slip of 
the motor. 

Rotor 

The wound rotor motor differs from the squirrel cage 
motor in that it has insulated wire windings similar to 
the stator windings. These windings are normally wye 
connected with the ends connected to slip rings on the 
shaft. This arrangement allows resistance to be in¬ 
serted in series with the windings through brushes that 
ride on the slip rings. Figure 8-15 illustrates this type 
of motor. 

This design requires three slip rings to add resis¬ 
tance to the circuit. The number of rotor poles is always 
equal to the number of poles on the stator. 

Wound rotors have a relatively low resistance. At 
normal running speeds, the external resistance is 
removed, and the ends of the wye windings are shorted 
together. Under these conditions, this type of motor 
behaves very much like the squirrel cage motor, and it 
has good speed regulation. 

Operating Characteristics 

Wound rotor motors are usually started with maximum 
resistance in the rotor. This provides maximum start¬ 
ing torque in the range of225% of the full-load torque. 
This is in the range of the breakdown torque of the 
motor. At the same time, the resistance limits the 
starting current to about 150% of the full-load current. 
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Figure 8-15. Three-phase, wound-rotor motor. 


However, with optimum resistance selected, maxi¬ 
mum torque will be developed per ampere of current. 

The large resistance in the rotor’s circuit causes the 
rotor’s current to be almost in phase with the induced 
voltage. The resulting field is, therefore, almost in 
phase with the stator’s field. Because the two fields are 
maximum at the same time, the magnetic reaction 
between them causes a strong turning force. 

Figure 8-16 provides the torque curves for the 
wound rotor motor. This graph shows the torque curves 
for three values of resistance. With the high resistance 
inserted in series with the rotor’s windings, maximum 
torque is developed when the slip is maximum, or 
100%. This is the start condition. If the high resistance 
remains in the circuit, the torque will be reduced below 
the motor’s normal full-load torque when the motor 
comes up to speed. 


BREAKDOWN MAXIMUM 



Figure 8-16. Torque curves for a wound-rotor motor. 

If an attempt is made to start the motor without 
maximum resistance, the torque performance will be 
poor. The rotor circuit will be mostly inductive-reac¬ 


tance. This will cause the current in the circuit to lag 
the induced voltage by nearly 90®. The resulting flux 
field will lag the stator’s field accordingly. The mag¬ 
netic reaction between the two fields will be reduced. 
This in turn will reduce the torque. Under these condi¬ 
tions, the motor may not start if under load. Starting 
current in the range of that for the squirrel cage motor 
will also result 

In comparison, maximum torque for a medium 
amount of resistance will not be developed until the 
motor reaches approximately 50% of ie operating 
speed. For low resistance this does not occur until 
about 80% of the rated RPM. 

The use of resistance provides for most of the heat 
generated during the start cycle to be dissipated by the 
external resistors and not in the rotor. These resistors 
have high wattage ratings sufficient to handle the 
power to be dissipated. The rotor windings will be 
more inductive than resistive and the electrical energy 
will be transformed into a stronger magnetic field 
rather than heat 

Speed Control 

The wound rotor motor like the squirrel cage motor 
has its base speed set by the number of stator poles and 
the frequency. It will operate at the synchronous speed 
minus the slip. Speed control is obtained with the 
wound rotor motor by increasing the slip from base 
speed. 

Adding resistance to the rotor circuit when the 
motor is running will cause the rotor’s current to be 
reduced. This will cause the motor to slow down. 
When the rotor’s speed is reduced, more voltage is 
induced into the rotor’s windings due to the increased 
slip. This in turn will increase current flow in the 
rotor’s windings, thereby developing the necessary 
torque for the motor to run at the lower speed. 
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How far the RPM can be reduced depends on the 
characteristics of the load. Fifty percent reduction is 
usually permissible without the motor becoming un¬ 
stable or stopping. Because of the higher currents 
involved with reduced speed, and the reduction in the 
normal ventilation, the motor will operate at a higher 
temperature. 

When the motor is operated below full speed, it will 
run with reduced efficiency and horsepower. The resis¬ 
tance in the rotor consumes power which is wasted as 
heat. The horsepower is dependent on the RPM. Also 
at the lower sp^, the motor is more susceptible to 
variations in speed due to load changes. Speed regula¬ 
tion is poor under these conditions. 

Three-Phase Synchronous Motor 

Synchronous motors are highly efficient machines for 
converting electrical energy into mechanical power. 
They can be used with most loads that require a 
constant speed. One factor that makes the synchronous 
motor popular is that this machine can provide a 
leading current and help correct the power factor on a 
system that has induction motors. Induction motors 
cause the current to lag the voltage. The currents of 
induction motors and synchronous motors can be 180° 
out-of-phase with each other. Under this condition, 
they will cancel each other *s reactive current values on 
the power line. The remaining current will be purely 
resistive. 

When full voltage is applied to a synchronous 
motor on the start cycle, the KVA required is often in 
the range of 550% to 700% on the normal running 
cycle. For this reason, reduced-voltage starting is 
required in many cases. 

Efficiency 

The efficiency of synchronous motors is higher than 
that of induction motor with the same horsepower and 
speed. Most medium and large motors have an effi¬ 
ciency between 88% and 96%. 

Speed 

Synchronous motors are classified according to their 
speed. They are either high-speed or low-speed ma¬ 
chines. Those operating over 500 RPM are designated 
high-speed motors. 

The speed of a synchronous motor is dependent on 
the frequency of the power source and the number of 
poles the stator has. RPM increases directly with 
frequency and inversely as the number of poles. The 


same formula used to calculate the speed of the induc¬ 
tion motor is used to determine the speed of this type 
of motor. The motor will run at synchronous speed and 
will not have the slip required by the other three-phase 
induction motors. Varying loads within the rating of 
the motor will not cause the RPM to change. 

Excitation Voltages 

In order to obtain this constant speed characteristic, the 
synchronous motor requires two excitation voltages. 
The stator has three-phase AC power applied to its 
windings. This is the same as for the induction motor. 
The rotor of the synchronous motor also requires 
excitation. A DC voltage is applied through slip rings 
and brushes to the rotor. This, in effect, makes the rotor 
a polarized electromagnet. Figure 8-17 illustrates the 
required power sources for this motor. 



THREE - PHASE AC POWER FOR THE DC EXCITATION FOR 

STATOR WINDINGS THE ROTOR 

Figure 8~17. Power sources for the 
synchronous motor. 

The rotor of the synchronous motor does not require 
the magnetic induction from the stator field for its 
excitation. The DC current connected directly to it 
creates its own field. Comparatively large airgaps 
between rotor and stator can be used. This allows for 
the production of low-speed machines with small 
horsepower ratings. They are generally more eco¬ 
nomical, and smaller, and easier to manufacture than 
the squirrel cage induction motor. 

Other Classifications 

These motors also have a classification according to 
the type of service. “General” types have a service 
factor of 1.15 and a rating of 40°C rise in temperature. 
The other classification for service is the “special” 
type. When a motor is built for a particular application 
that does not conform to the general rating, it is 
classified as a special motor. As an example, a special 
motor might have a service factor of 1.25 and be rated 
at 60°C. 

The power factor is another way to classify this type 
of motor. Synchronous motors will either have apower 
factor rating of one (unity) or they will have a rating of 
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0.8 leading. Motors develop their horsepower ratings 
when operated with these power factors. The motor 
may be set at a different power factor during operation. 
It may have a lagging power factor depending on how 
it is operated. 

Rotor 

The rotor field of the synchronous motor usually has 
salient rather than cylindrical poles. These poles have 
definite projections on the face of the rotor. When 
energized by the direct current they have a definite 
magnetic polarity. Their windings are connected in 
series with adjacent poles having opposite polarity. 
The rotor must have the same number of poles as that 
of the stator. 

Principles of Operation 

Synchronous motors are not self-starting. The weight 
of the armature does not allow the rotor to respond 
quickly enough to the rotating magnetic field of the 
stator to begin moving in one direction before the field 
pulls it in the opposite. This results in zero starting 
torque for the motor. Some method must be designed 
into the motor to bring it up to speed before the 
excitation current is applied to the rotor. 

Several methods are used to bring the motor to 
synchronous speed. One of these is to use a separate 
induction motor, or DC motor, to drive the rotor of the 
synchronous motor until an RPM near the synchronous 
speed is achieved. At that point, DC excitation is 
applied to the rotor’s windings and it will lock with the 
rotating magnetic field of the stator. 

Another method is to start the synchronous motor as 
an induction motor. A separate winding on the rotor 
called the damper winding is used to start the motor as 
a wound rotor motor. These windings are placed in the 
slots of the rotor. It is possible to add external resis¬ 
tance to the windings to provide the characteristics of 
a high starting torque of the wound rotor motor. 

A squirrel cage winding is often used to start the 
synchronous motor. This winding is referred to as the 
“amortisseur winding.”These windings are embedded 
into the salient poles. The motor is once again started 
as an induction motor using the principles of the 
squirrel cage rotor. 

When either the damper or amortisseur windings 
are used to start the motor, they apply torque only 
during the start cycle. Once the rotor is locked to the 
synchronous speed, no voltage is induced into them. 
This is due to the fact that they are turning at the same 
speed as the rotating magnetic field. Therefore, the 


magnetic flux field of the stator does not cut through 
the windings. 

As the rotor nears the synchronous speed, the DC 
source is applied to the field windings of the rotor. The 
magnetic field caused by this current locks to the 
rotating magnetic field of the stator. This brings the 
rotor up to the synchronous speed. 

On some synchronous motors, the DC excite* is 
mounted on the shaft of the motor. In the start cycle, the 
DC exciter can be used as a DC motor instead of an 
alternator. There is usually enough residual magnetism 
in the pole pieces to start the exciter as a motor. As the 
synchronous motor comes up to speed, its rotor wind¬ 
ings are excited and thus the motor is locked in sync 
with the rotating magnetic field. 

While the motor is in the start cycle, the magnetic 
field of the stator windings also induces a voltage into 
the field windings of the rotor. Because of the large 
number of turns used for the field, and because these 
windings are connected in series with the voltages 
adding, an excessive voltage is developed across the 
windings due to transformer action. This voltage can 
damage the insulation. 

To prevent this rise in voltage, the rotor’s windings 
are connected to a resistor during the start cycle. This 
is the same procedure that was described for the 
current transformer in Chapter 1 of this text. The 
resistance remains across the windings until the motor 
reaches sufficient speed for the excitation current to 
synchronize the motor. Figure 8-18 illustrates this 
action. 


DC SUPPLY 



Figure 8-18. Equivalent circuit for the field discharge 
resistor. 
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When the DC excitation voltage is applied to the 
windings on the salient poles, these poles become 
electromagnets with fixed polarities. The fields of 
these magnets lock to the fields created by the stator 
and the rotor pulls into synchronous speed of the 
rotating field. Once the rotor is synchronized with the 
stator field, no further voltage is induced into the 
rotor’s windings by the magnetic field of the stator. 

The point at which the motor changes from an 
induction-start to a synchronous run motor is usually 
the most critical time for bringing the motor up to 
speed. The torque developed by the interaction of the 
two fields at this time is called the “pull-in torque.” 
Salient poles synchronize more easily than the poles on 
cylindrical rotors. If the load is not too great during the 
start cycle, salient-pole motors will sometimes syn¬ 
chronize before the DC excitation is applied. This is 
due to the residual magnetism. 

Synchronous motors have a pull-in torque of about 
40% of the full-load torque. The value of the pull-in 
torque depends on the strength of the stator flux. The 
higher the applied voltage, the greater the torque. Full- 
voltage starting would provide greater torque than 
reduced-voltage starting. 

Sometimes when the rotor synchronizes without the 
benefit of the DC excitation, the rotor will slip a pole. 
When this occurs, the magnetic field of the rotor 
opposes the magnetic field of the stator. The magnetic 
fields of alternate poles are opposite each other. A 
current surge occurs on the power system. This is due 
to the stator field drawing additional current to stabi¬ 
lize and maintain a constant magnetic flux. This surge 
is temporary, and the current falls back to normal as the 
rotor synchronizes. It is good practice, however, to 
apply the DC excitation within 1% to 5% of the 
synchronous speed to prevent this line surge. Most 
synchronous motors have automatic control starting to 
insure that the DC excitation is connected to the rotor 
at the most opportune time. 

The synchronous motor is sensitive to any phase 
shift or disturbances on the power line. When these 
occur, the motor has a tendency to oscillate or “hunt.” 
Under these conditions, the rotor tends to first run 
faster, and then slower than the rotating magnetic field. 
This condition in turn causes pulsations on the power 
system which can accentuate the hunting. 

Motors having damper or amortisseur windings 
tend to correct the hunting problem. If the rotor’s speed 
suddenly changes, and it is out of synchronization with 
the rotating magnetic stator field, a voltage will be 
induced into the windings used to start the motor. This 


produces currents in the windings which tend to pull 
the motor back into synchronization. If the motor is 
started by the use of another motor, it may be necessary 
to stop the motor and then start it again. 

The torque angle between the stator and rotor fields 
will be nearly zero degrees when the motor is run 
without a load. As load is applied, the angle will 
increase. The rotor pole will lag the stator pole. The 
angle becomes greater with increase in load. As long as 
the motor is operating within its horsepower rating, the 
rotor will continue to turn at the synchronous speed. 
This operating characteristic is similar to having the 
rotor attached to the rotating field with a rubber band. 
The rubber band will stretch, but the rotor will con¬ 
tinue to turn at the same RPM. 

When the torque angle is zero, the CEMF of the 
motor is equal and opposite the voltage on the stator 
windings. As the angle increases under load, the CEMF 
changes in respect to the applied voltage. This in turn 
results in a higher stator current which develops the 
additional torque needed to maintain the constant 
RPM with the added load. 

Exciters for Synchronous Motors 

There are two basic methods of providing excitation 
current to the rotor of a syncluonous motor. One 
method is to use an external source. The current is 
supplied to the field windings of the rotor through slip 
rings as illustrated in Figure 8-17. The other method is 
to have the exciter mounted on the common shaft of the 
motor. This procedure does not require brushes. 

In the two examples that follow, the control con¬ 
tacts for the discharge resistor and for connecting 
excitation current to the windings of the rotor of the 
synchronous motor are not shown. Direct current 
excitation is directly connected to illustrate the condi¬ 
tion when the motor is running at its synchronous 
speed. A control method is necessary during the start 
and run cycles of this motor for proper operation. 

Figure 8-19 shows the diagram of a synchronous 
motor which has its rotor windings excited by an 
external source. The DC exciter may be motor driven 
by another motor, or its shaft may be coupled to one 
end of the shaft of the synchronous motor. Electronic 
power supplies are also often used for this purpose. 

The DC generator is wired in the compound con¬ 
figuration. The variable resistor controls the amount of 
voltage applied to the rotor windings by adjusting the 
current in the shunt field of the generator. The amount 
of current flowing through the rotor windings is me¬ 
tered by an ammeter in series with the windings. The 
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Figure 8-'19. External DC exciter for a 
synchronous motor. 

voltage across the windings is also metered by a 
voltmeter. This arrangement allows the operator to 
change the strength of the excitation current 

Figure 8-20 illustrates how DC excitation is pro¬ 
duced using a generator mounted inside the motor on 
the common drive shaft. The motor is started using 
either a damper or amortisseur winding. The rotor of 
the exciter turns with that of the motor. Rectified 
single-phase power supplies the exciter’s field wind¬ 
ings to create a magnetic field. The strength of the field 
is adjustable by the rheostat 

The rotor of the exciter turns in this field generating 
a three-phase voltage. This voltage is then rectified by 
a three-phase bridge rectifier to produce the DC cur¬ 
rent for the rotor’s field of the motor. The rotor’s field 
current is adjustable by the rheostat in series with the 
field windings of the exciter. 

With the appropriate controls, this system has the 
following advantages over the external method of 
excitation. 


1 . Slip rings and brushes are not required. 

2. Field excitation is applied at precisely the 
right time. 

3. Good torque efficiency is met 

4. Field control and excitation are maintenance 
free due to static controls. 

5. Sparks are not generated between brushes and 
slip rings. This allows the motor to be used in 
hazardous locations. 

6 . Field excitation is automatically removed if 
the motor loses synchronization. This provides 
for resynchronization without having to stop 
the motor. 

Levels of Excitation 

Figure 8-21 depicts three different levels of DC exci- 
mtion on the rotor of a synchronous motor. The load is 
held constant in each case. Because the load is the 
same for each level of excitation, the torque angle and 
the power delivered to the machine will also be the 
same for each level of excitation. 

The top set of vectors shows the motor with the right 
amount of DC excitation for the motor to operate at 
100% power factor. Note that the applied voltage and 
the line current are in phase with each other. The 
voltage developed across the rotor (Ej^) is the vector 
sum of the applied voltage (E^) and the CEMF. The 
line current lags the voltage across the rotor by about 
90®. This is due to the inductive reactance of the stator 
windings. 

Increasing the DC excitation on the rotor results in 
the rotor being overexcited. Its magnetic flux field will 
be stronger than it was at unity power factor. The larger 
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Figure 8-20. Internal DC exciter for a synchronous motor. 
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CURRENT AND APPLIED VOLTAGE 
ARE IN PHASE. POWER FACTOR = 1 


CEMF Ef, 



CURRENT LAGS APPLIED VOLTAGE 

Figure S-21. Cuirent-voltage relationships 
in a synchronous motor. 

flux field will cause the CEMF to become larger. is 
shifted counterclockwise by this action. The current on 
the line will lag the rotor voltage by approximately 
90®, and it will also shift counterclockwise. This shift 
carries the current to now lead the applied voltage. The 
line current will now be greater than it was at 100% 
power factor. These changes firom unity power factor 
are shown by the middle set of vectors in Figure 8-21. 

If the rotor’s field is underexcited, the opposite 
effect will happen. The results are shown by the bottom 
set of vectors. 

Decreasing the cuirent through the field windings 
of the rotor will| cause its magnetic field to decrease. 
This decrease, in turn, results in a decrease in the 
CEMF. The resultant vector (E^) of the CEMF and 
applied voltage now moves in a clockwise direction. 
The line current is shifted in the same direction while 
remaining 90® behind the rotor voltage. This action 
places the line cuirent at a lagging angle to the applied 
voltage. 

The circuit is now inductive. Current lags the volt¬ 
age. Once again the current is greater than it was at 
unity power factor due to the reactive current being 
add^ to the working current needed to turn the me¬ 
chanical load. 

Increasing the load on the motor will cause the 
torque angle to increase. Ej^ will increase accordingly 
as the vector sum of the CEMF and the applied voltage. 
This increase in Ej^ causes an increase in line current 
needed to turn the heavier load. If the imperfections of 
the motor are ignored, the amount of torque applied to 
the load will vary as the sine of its angle. Maximum 
torque occurs when the rotor lags the stator field by 


about 70 electrical degrees. The general use synchro¬ 
nous motor will develop a maximum torque in the 
range of 200% to 250% of its full-load rating. 

This example shows that the synchronous motor has 
the ability to operate either with a leading or lagging 
power factor, or it can be set to unity power factor. 
These actions are possible by changing the DC excita¬ 
tion current through the field windings of the rotor. A 
more detailed explanation of power factor is given in 
Chapter 9. 

Identifying Untagged Leads 

The identifying tags on motors are sometimes re¬ 
moved or become obscured with dirt and oil so that 
they cannot be read. The motor may be perfectly good, 
and you may be called on to put it back into service. 
The nameplate on the motor indicates it is a three- 
phase, dual-voltage motor with each winding rated at 
115 volts. You have nine black leads. How do you 
determine which leads are to be connected to the 
power source and which leads are to be connected 
together for proper operation of the motor? 

Wye or Delta 

You know from your previous study of motors that this 
motor has dual windings on each phase for dual¬ 
voltage connections. You also know that the motor is 
wired either wye or delta. You visualize these two 
types of wiring configurations and draw each of them 
on paper. Number the leads in the prescribed manner. 
Figure 8-22 illustrates your efforts. 

Using a multimeter on the ohmmeter function, you 
can determine if the motor is wired wye or if it is wired 
delta. For the wye-wired motor, there will be continu¬ 
ity between three pairs of wires. You will also have 
continuity between one set of three wires. For the 
delta-wired motor, you will have continuity between 
three sets of three wires. 

The wye-wired motor will have four circuits with 
continuity. The delta-wired motor will have only three 
circuits. 

You now know if the motor is wye or delta con¬ 
nected. The next step is to determine the proper pole 
for each winding. 

Identifying the Leads of a Wye-Wired Motor 

Let us assume that you found the motor to be wye (star) 
connected. Your first step is to tag each wire of the set 
of three wires. Permanently attach the numbers T7, T8, 
and T9, respectively. TempOTarily mark the pairs T1-T4, 
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Figure 8-22. Wye- and delta-wired motors. 


T2-T5. and T3~T6. At this point in the test, the rela¬ 
tionships between the pairs of wires to the three wires 
marked T7, T8, and T9 is not known (Figure 8-23). 

To determine which pair of wires belong to the 
phases marked T7, T8, and T9, the following method 
is used. Connect the circuit shown in Figure 8-24. Any 
low-voltage battery that will deliver the necessary 
current can be used for this test 

Current will flow through the windings marked T7 
and T8. No current will flow through the coil marked 
T9. 

The current should be set to a low value in the range 
of 1 to 5 milliamperes to begin the test. Given the 
current range and knowing the voltage of the battery, 
the value of resistance of the rheostat to limit the 
current to the desired level can be calculated using 
Ohm’s law. 

The meter should be set initially to its highest DC 
scale. While watching the meter, close the switch. 
Look for a deflection of the meter. If no deflection is 
observed, open the switch and once again watch for a 
deflection. A greater voltage will be induced when the 


switch is opened because of rapid deterioration of the 
current change (T = L/R). If once again no deflection 
is observed, continue the process with progressively 
reduced voltage ranges on the meter. 

If you are not successful in this effort, then change 
the meter connection to a different pair of wires and 
repeat the process. If no deflection is observed, the 
current will have to be increased. Reduce the resis¬ 
tance in the test circuit to accomplish this. Repeat the 
process. You want to get a discernible deflection on the 
low range of the voltmeter. If the deflection is downscale 
when the switch is closed, the leads of the meta* should 
be reversed. 

Once you obtain the deflection when the switch is 
closed, and before opening the switch, the meter 
should either be set to its highest range or removed 
from the circuit This is to prevent the meter from 
being pegged when the switch is opened. The deflec¬ 
tion will be in the opposite direction when the switch 
button is released. If the pointer hits the stop very hard, 
damage will result 

Test each of the three pairs of wires. The pair that 
has minimal or no deflection belongs to the pole 
associated with the lead marked T9. The temporary tag 
on this pair of leads should read T3-T6. If not, change 
the temporary tags to reflect this association of leads. 

Change the circuit connections at this point so that 
the current source is now connected between T8 and 
T9. Repeat the process as before. The pair of leads of 
the two remaining pairs that has the smallest deflection 
will be T1-T4. Under these conditions, there will not 
be any current flow through the coil that is attached to 
T7, and no voltage will be induced in the coil windings 
attached to T1-T4. The last pair of leads will be 
T2-T5. 

At this point the three pairs are associated with their 
proper poles on the motor. It is now necessary to know 
the polarity of each of them. Tl, T2, andT3 connect to 
the three phases of the power line for proper wiring. If 
the power lines are connected to the opposite ends of 
one or more of these windings (T4, T5, and T6), the 
magnetic fields of the windings will cancel the mag¬ 
netic flux of the second set of windings associated with 
them. Under these conditions the motor will either not 
run at all, or it wiU run with reduced horsepower. 

Using the same test setup as in the last procedure, 
the polarities of T2-T5 and T3-T6 can be determined. 
First, note that when the switch is closed, the current 
flows from the negative side of the battery to T9. The 
current passes through the two sets of windings, exits 
at T8, and flows back to the positive side of the battery. 
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Figure 8-23. Tagging the leads of the wye-wired motor. 



Figure 8-24. Determining pole and phase relationships of motor’s windings. 


This will cause the polarity of the induced voltages in 
the pairs to be negative on leads T3 and T5, and 
positive on leads T6 and T2. You will obtain an upscale 
deflection when the meter is connected for this polar¬ 


ity. If a downscale deflection occurs, the numbers on 
the leads are reversed. 

Change the circuit back to the arrangement where 
the negative side of the battery is connected to T7, and 
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the positive side to T8 as shown in Figure 8-24. The 
polarity of T1-T4 can now be determined in the same 
manner. When the switch is closed, the meter will 
deflect upscale if T1 is negative and T4 is positive. All 
six leads can now be permanently identified witli their 
proper letter number designator. 

An alternate method for determining the proper 
relationships between the windings is also possible. 
This can be accomplished by connecting 208 volts/ 
three phase to T7-T8-T9 which were identified using 
the ohmmeter as previously described. Each of the 
wye-connected windings of the motor will have 120 V 
across them. This is equal to 208 V divided by 1.73, or 
the square root of 3. The open coils of the motor will 
have 120 V induced in them through the 1:1 ratio and 
transformer action. 

Connect the lead temporarily madced T6 to T9. 
Take AC voltage measurements between T3 and T7, 
and between T3 and T8. If the windings of T3— T6 are 
of the proper polarity and associated with the same 
pole as T9, the meter will indicate approximately 318 
volts for both readings. This value is determined by 
adding the in-phase voltages of 120 V to 120 V to 
obtain 240 V between the center point of the wye and 
T3 to 120 V at leads T7 or T8 which are 120® out of 
phase. The other two sets of windings can be deter¬ 
mined in a like manner. Figure 8-25 illustrates this test 
arrangement. A vector diagram of the voltages is also 
depicted. 

If your initial readings are 120 V, the coil you 
selected is associated with the correct pole, but its 
polarity is reversed. The reason for this is that the 
voltage induced into the windings is 180® out of phase 
with the applied voltage. These voltages on the same 
pole will cancel each other leaving 120 V across the 
third coils associated with T7 and T8. Under these 
conditions, merely reverse the connection and 318 V 
will be seen on the meter. Continue this process until 
the leads of the other two coils are properly identified. 

When your initial readings indicate two unequal 
voltages when measuring between T3 andT7 orT8, the 
coil you have selected is not associated with the pole of 
the windings attached to T9. Select another pair of 
terminals and repeat the measurements until one of the 
two conditions showing proper pole association is 
achieved. At this point, the terminals can be identified 
as previously described. 

Identifying the Leads of a Delta-Wired Motor 

The same principles used to identify the leads of a wye- 
wired motor can be used to identify the leads of the 




T7 OR 
T8 


Figure a-25. Using alternating current to determine 
the proper pole and phase relationships 
of a motor’s windings. 



Figure 8-26. Identifying the center wire of each set. 

delta-wired motor. The first step in this case is to find 
the center lead of each of the sets of three wires. This 
is done using an ohmmeter. Figure 8-26 shows the test 
arrangement 

Between the temporary marked leads T4-T9 you 
will measure twice the resistance as between T1-T4 
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and T1~T9. Identify T2 and T3 in a like manner. Tl, 
T2, and T3 may be marked permanently at this time. 

Either DC or AC can be used to identify the other 
leads associated with the center point. Figure 8-27 
shows the test setup using DC voltage. 


T1 



Figure 8-27. Identifying associated windings 
on a pole of a delta-wired motor using DC. 


Current is £^plied to terminal T3 and the temporar¬ 
ily marked terminal T8 by closing the switch. Four 
readings across terminals T1-T9, T1-T4, T2-T5, and 
T2-T7 are made. These measurements can only be 
made as the switch is closed and the current through 
the windings of T3-T8 is changing. One of these read¬ 
ings will be larger than the other three. If the maximum 
reading is obtained between T2 and one of its related 
terminals, then you have guessed right about T8. If the 
maximum reading is between Tl and one of its related 
terminals, then the temporary markings of T6 and T8 
should be switched and made permanent 

Either T5 or T9 can also be p^manently marked 
based on the maximum deflection and their associa¬ 
tion with Tl or T2. The other leads can now be 
identified using the same method. 

The leads can also be identiHed using AC. Figure 
8-28 illustrates the test arrangement 

With AC of 120 V applied between leads T3 and 
T8 which are temporarily marked, meter readings are 
taken across the four possible combinations of T1-T4, 
T1-T9, T2-T5, and T2-T7. Three of these readings 
will indicate zero or very low voltage. The fourth 
reading will be 120 V AC. If the 120 V AC reading is 
found between T2 and one of its related leads, then T8 
is marked correctly. If not and the 120 V AC reading 
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Figure 8-28. Identifying associated windings 
of a delta-wired motor using AC. 

is found between Tl and one of its leads, then the 
markings of T6 and T8 will need to be switched. Either 
T5 or T9 can now be identified and permanently 
marked. The same method can now be used to identify 
the remaining terminals of the motor. 

Testing the Motors 

After the type of wiring and the leads have been 
identified and marked, the motor is tested for proper 
operation. Connect the motor for low-voltage opera¬ 
tion according to the standard wiring diagram for the 
wye- or delta-wired motor. If the identirication of leads 
has been conducted properly, the motor will be able to 
turn its normal load at the rated speed. 

Current readings need to be taken on each phase. 
The current values should be within the normal range 
and approximately equal on each of the lines. If a large 
imbalance is noted, then the terminals have not been 
numbered correctly. The identification of leads will 
need to be repeated. 

Questions 

1. Two-phase motors have their voltages dis¬ 
placed by_degrees, and three-phase 

motors have_degrees displacement 

2. Why are three-phase motors superior in 
operation characteristics to those of single¬ 
phase motors? 

3. What are the two major components of a 
three-phase motor? 

4. How is the rotor’s impedance determined? 
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5. The frequency of rotor current is equal to 


6. What factors determine the amount of 
turning force a motor is producing? 

7. Three-phase motcwrs are either wired_ 

or_. 

8. Which of the two systems used to wire three- 
phase motors requires the higher current to 
run the motor? 

9. To what terminals of a three-phase, nine lead 
motor are the power lines connected? 

10. How many circuits are found for a nine-lead, 
delta-wired motor? 

11. On a wye-wired motor, what is the tag 
number of the conductor attached to a coil 
whose opposite end is tagged T2? 

12. How are the coils of a wye-wired, nine-lead 
motor connected for low-voltage operation? 

13. To connect a nine-lead, delta-wired motor for 

its high voltage operation, the coils will be 
connected in_with each other. 

14. Does the three-phase induction motor run at 
synchronous speed? 

15. List the factors that determine the speed of a 
three-phase induction motor. 

16. Do three-phase motors always have nine 
leads? 

17. A three-phase motor with a wound rotor may 

have its speed varied by increasing or decreas¬ 
ing the_in the rotor winding circuit 

18. How do you reverse the direction of rotation 
of a three-phase motor? 

19. Which of the three-phase motors studied in 
this chapter is the most reliable and requires 
the least maintenance? 

20. Why are the airgaps of induction-type motors 
kept small? 

21. Is a 1-horsepower or a 100-horsepower motor 
more efficient? 

22. When is it desirable to use the wound rotor 
motor in place of the squirrel cage type? 

23. What is the effect of leaving the starting 
resistance in the rotor’s winding circuit while 


the motor is running? 

24. Which type of motor can provide a leading 
current on the power line to help correct the 
power factor? 

25. What is the operating speed of a four-pole, 
synchronous motor? 

26. What are the power requirements for a 
synchronous motor? 

27. How are synchronous motors classified? 

28. There are two basic ways of starting a 
synchronous motor. Name them. 

29. It is good practice to apply the excitation 
current to the rotor of the synchronous motor 

when the RPM is within_to_% 

of the synchronous speed. 

30. What action do the damper or amortisseur 
windings have on a synchronous motor in the 
event it begins to “hunt”? 

31. Do all synchronous motors have slip rings 
and brushes? Explain. 

32. If the rotor of a synchronous motor is 
underexcited, the motor’s current in respect 
to the voltage applied will be (leading, 
lagging, or in phase). 

33. You have a six-lead, three-phase motor with 
the windings rated at 230 volts. How many 
ways can you connect the motor? What 
would the supply voltage equal in each case? 

34. How many circuits would you detect using 
an ohmmeter on a dual-voltage, wye-wired 
motor? Name them. 

35. What are the tag numbers of the other two 
leads associated with T3 on a dual-voltage, 
delta-wired motor? 

36. Should AC or DC be used to identify the 
related coils and their polarities? 

37. What precaution should be taken with the 
voltmeto* when using DC to test for polarity 
of a coil? 

38. After putting a motor in s^ice, what is the 
purpose of measuring the line current on 
each phase? 
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Installation 


The installation of a motor starts when the engineer 
specifies the motor’s characteristics and the order is 
placed to the manufacturer. 

Installation Procedure 

When the motor arrives on site, the electrician’s job 
begins with receiving the machine, inspecting it, and 
in time, putting it in service. The electrician must 
possess a broad range of knowledge in order to perform 
the tasks associated with the efficient and proper 
installation of a motor. Depending on the circum¬ 
stances, this knowledge is not limited to just the 
electrical wiring tasks required by the blueprints, speci¬ 
fications, and addenda. 

Receiving the Motor 

Check the invoice against the information on the 
shipping container. This is to assure the correct ma¬ 
chine was shipped and received at the worksite. If an 
error is discovered at this time, it will save the effort and 
cost to crate the motor to ship it back to the manufac¬ 
turer. 

Store the motor indoors if possible. Package mate¬ 
rials are often not suitable for exposure to the weather. 
If indoor storage is not possible, cover the package 
with a tarpaulin or polyethylene sheet. 

Allow a sufficient amount of time to let the motor 
reach the temperature of the atmosphere in which it is 
stored before the machine is unpacked. If the machine 


is cooler than the surrounding air, sweating will occur. 
This accumulation of moisture can cause rust and 
corrosion on the machine’s surface. The electrical 
windings may also be damaged. 

Carefully examine the motor when it is unpacked. 
Report any physical damage immediately to the carrier 
and to the manufacturer. 

Handling the Motor 

Use the hooks or slings in the lifting lugs that are on 
many motors to move the motor. The lugs have the 
capacity to carry the weight of the motor. Do not 
attempt to lift additional weight with them. Remove 
heavy attachments such as gear boxes and pumps. 
Never attempt to lift the motor by its shaft extensions. 
This can bend the shaft or cause damage to the bear¬ 
ings. 

Checking Electrical Characteristics 

Check the nameplate on the motor. The model number 
must correspond to the one shown on the invoice. The 
electrical characteristics of the motor must correspond 
to the distribution system from which it will receive its 
power. System voltage must be within 10% of that on 
the motor’s nameplate, and the frequency must be 
within 5%. Does the motor meet all the requirements 
of the blueprints, specifications, and any changes in an 
addendum? The time to discover any conflicts is now 
and not after the complete installation of the motor. 
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Checking for Environmental Problems 

Check the motor for any signs of rust or moisture. Most 
manufacturers will coat bare metal on the machine 
with a rust preventive before shipment 

If the motor is to be installed immediately, remove 
the rust preventive with a suitable solvent such as 
mineral spirits. Most of these solvents are flammable 
and may be toxic. Use them in well ventilated areas 
and take the necessary precautions to avoid fire or 
explosion. Avoid excessive contact with the skin when 
handling these solvents. Wear rubb^ gloves and safety 
glasses. 

In the event the motor is to be stored, the rust 
preventive is to remain on the motor until it is ready for 
installation. If the rust preventive no longer cove's the 
exposed machine parts of the motor, apply more rust 
protection. 

Remove any rust with a fine abrasive paper. Once 
rust forms, it will continue to make progress even if the 
rust preventive remains on the metal. Touch up the 
painted areas where the bare metal shows. 

Check the motor’s cover to be sure it is acceptable 
for the environment in which it will operate. If the 
motor is going to be mounted other than on the deck, 
drip holes are to be at the bottom of the motor when the 
motor is orientated in its specified position. This may 
require the rotation of the motor’s cover. In some cases 
this may be impossible because of other attachments to 
the motor. In this case, return the motor to the manu¬ 
facturer and provide the corrected information. 

Even with the most careful planning, these prob¬ 
lems still arise. It is best to catch them before the actual 
installation. An inspector may reject the job after it is 
complete. This would result in increased costs and 
frustration on everyone’s part 

Does the motor’s design meet the requirements for 
the area in which it will operate? Some of the environ¬ 
mental questions to be checked are 

1. Will the motor be indoors or outdoors? 

2. Will the area be wet or dry? 

3. Is the area classified as hazardous as defined 
by the NEC? It is the user’s responsibility to 
specify the class and division in which the 
motor is going to be installed. 

4. Will the motor be exposed to liquids such as 
oil and other chemicals? Are these corrosive? 
The hardware for standard motors is designed 
to operate under common environmental con¬ 
ditions. For unusual conditions, stainless steel 


hardware may be required and should have 
been specified on the order. Special paints, 
such as catalyzed epoxy enamel, will protect 
motors exposed to a highly corrosive atmos¬ 
phere. 

5. Is the motor going to operate in extreme 
temperatures? The temperature rise is based on 
a 40®C ambient temperature. Specify higher 
ambient temperatures on the order. 

Motors that operate in extreme conditions require 
special lubricants. Standard motor grease is suitable 
for temperatures of ~30®C to +120®C. Special steel for 
the shaft may also be required. 

6. Will the motor operate at a high altitude? A 
special motor may be needed under these 
circumstances. This information is given on 
the nameplate. 

Standard motors are designed to operate up to 3300 
feet. The air density is less at high altitude, and the heat 
transfer from the motor’s surface is reduced. Tempera¬ 
ture rise increases 1% for each 330 feet above 3300 
feet. Motors with service factors above 1.0 can be 
operated up to 9900 feet if the horsepower rating is not 
exceeded. 

Another approach is to operate the motor at a lower 
ambient temperature than 40°C. If operated at a 30°C, 
the maximum altitude is increased to 6600 feet. At 
20®C, the motor can operate safely up to 9900 feet 

7. Will airborne particles with magnetic and/or 
abrasive qualities be present? These will 
collect on the motor’s windings? Over a given 
time, the movement of these particles on the 
windings can wear away the insulation. 

If these various conditions are specified when the 
motor was ordered, the manufacturer would have 
taken them into consideration. Some of the special 
features which are available to protect the windings are 
the following. 

1. Application of additional insulating varnish or 
protective coatings. Several extra dips and 
bakes will increase the moisture resistance 
quality of the windings. 

2. Motors may be encapsulated with vacuum 
pressure-impregnated windings or be totally 
enclosed. 
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3. Abrasive resistant windings that are totally 
enclosed are available. 

Checking Bearings, Seals, and Shaft 

Check the bearing seals and the shaft extensions. Use 
special care in cleaning these areas to avoid damage to 
the surfaces. These items are precision ground, and it 
is very difficult to remove rust and other corrosive 
formations without causing further damage. Keq) these 
areas protected. Remove any burrs or bumps due to 
careless handling with a fine file or scraper. 

Many manufacturers will ship the motors without 
oil in the reservoirs to prevent spillage during transit 
An oil film remains on the bearings to protect them. 
Check the levels and fill if necessary. Be careful to use 
clean equipment when filling. Dirt and grime intro¬ 
duced into the oil reservoir can cause premature bear¬ 
ing failure. Use oil or grease with the proper weight 
and viscosity. Refer to the lubrication nameplate or the 
instruction manual for this information. 

If the motor is going to be put in service immedi¬ 
ately, fill the reservoirs to the recommended level. 
Some motors will have sight glasses or gauges for this 
purpose. Do not overfill. When the motor comes up to 
operating temperature, the oil will expand. This will 
force the oil over the oil sleeve and into the motor. 
Overfilling the reservoir prevents the bearing of clear¬ 
ing itself of excessive oil. This will cause churning and 
foaming of the oil which will result in extra losses due 
to higher temperatures. Under these conditions the oil 
will oxidize. 

Checking for Mechanical Freedom 

Turn the shaft by hand. It should rotate easily without 
rubbing or binding. If the shaft does not move easily, 
identify the cause and correct the problem. If the motor 
has an open enclosure, check for packing materials or 
other debris which may have got between the rotor and 
the stator poles. Look carefully once again for any 
signs of physical damage. 

For motors that have brushes, check to see that the 
brush rides smoothly on the slip rings or commutator. 
There should not be any rough spots. 

Insulation Tests 

Test the insulation of the windings using a megger that 
will deliver a minimum of 1000 volts or more. The 
minimum acceptable resistance for this test is 1.5 
megohms. 


If a high-potential (hipot) test is required, only 
qualified personnel are to conduct the test. The maxi¬ 
mum voltage to be applied is 

85% X (2 X Rated Voltage of Windings) + 1000 V 

The factor of 85% of twice the rated voltage is for a 
new motor that has not been put in service. For motors 
that are in service, a 50% multiplier is used for this test. 

Before applying the voltage for the hipot test, the 
windings are connected to the frame of the motor for a 
short time. The purpose of this procedure is to dis¬ 
charge all residual electrostatic charge that may have 
accumulated on them. Remove the ground before 
applying the test voltage. 

The minimum acceptable resistance for this test is 
calculated using the following formula. 

R^ = V^1000+1 

where, 

R^ is the resistance of the winding in megohms 

at 4(FC, 

is the rated voltage of the machine. 

A more detailed description of the hipot test is in 
Chapter 3 of this text Recommended practices for 
testing insulation resistance of rotating machines is in 
Publication No. 43 of the IEEE. These procedures are 
followed by most U.S. manufacturers of motors. 

If the insulation resistance is lower than the recom¬ 
mended minimum value, moisture may have accumu¬ 
lated in the motor. In this event, dry out the motor. 

Drying the Motor 

Use an oven that has circulating air to dry the motor. 
Regulate the temperature between 95 and 115®C.When 
the motor is heated ^ve 90°C for at least 4 hours, 
increase the temperature to 115-135®C. Make periodic 
checks with the megger to determine if the resistance 
of the windings is increasing. Continue to heat the 
motor until the insulation resistance is about the same 
value at the beginning and end of half-hour intervals. 

If an air-circulating oven is not available, cover the 
motor with canvas or similar types of material to 
enclose it. Leave a hole in the top of the covering so 
that moisture can escape. Place heating units or lamps 
under the cover to increase the temperature of the air 
around the motor. Be sure there is sufficient area 
around the heating units or lamps so that a fire is not 
started. Do not allow the heaters to come into contact 
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with the motor’s windings. They can cause damage to 
the insulation. Heat the unit until megger checks show 
the resistance is constant for halMiour intervals. 

Another method of drying the motcH* is to apply 
about 10% of the rated voltage to the motor. Lock the 
rotor so it cannot turn. Increase the current flow until 
the winding’s temperature reaches 90^. Do not ex¬ 
ceed this value. If the motc»r has heaters, energize them 
to help raise the temperature of the windings. 

Continue this heating process until the resistance of 
the windings is constant for half-hour periods. Regard¬ 
less of the method used to heat the motor, take care to 
prevent an excessive temperature rise that will damage 
the insulation quality of the motor. 

Auxiliary Equipment 

Auxiliary equipment for the installation of the motor 
may arrive at the same time as the motor or it may be 
shipped separately by a different manufacturer. When 
these items arrive, inspect them for any damage. 
Compare the invoice to the original order for any 
discrepancies. Report any difficulties immediately. 

Auxiliary equipment must have enclosures suitable 
for the environment in which they are designated. 
Verify the suitability of the types of enclosures. Figure 
9-1 illustrates some NEMA-type enclosures. 

NEMAiype 1 enclosures are designed primarily to 
prevent accidental contact with live parts and to pre¬ 
vent falling dirt and dust from entering the box. The 
enclosure, however, is not dustproof. It is a general 
purpose cover for indoor use under normal conditions. 

Type 3 enclosures are dusttight and raintight. They 
are intended for outdoor applications. Besides the 
protection provided by Type 1 enclosures. Type 3 
enclosures dso protect against falling liquids and light 
splashing as well as wind blown dust. They are sleet 
resistant, but the external mechanism may not be 
operable when the enclosure is completely covered by 
ice. Common applications are at construction sites, on 
loading docks, and in subways and tunnels. The Type 
3R enclosure is also weatherproof but is not protected 
against blown dust. It protects against interference in 
operation of the contained equipment and has provi¬ 
sions for drainage. 

NEMATVpe 4 enclosures are watertight. These are 
designed to meet the hose test. This test requires a 1- 
inch nozzle to deliver a minimum of 65 gallons of 
water per minute, at a distanceof not less than 10 feet, 
for at least 5 minutes. The water can be directed at the 
enclosure in any direction during the test, and there 
must be no evidence of leakage under these conditions. 


Type 4Xboxes are also corrosionresistant. They are 
suited for applications in paper mills, meat packing 
plants, chemical and fertilized plants, and where the 
contaminants normally present in these environments 
would destroy an ordinary steel enclosure over time. 

Enclosures NEMA Types 7 and 9 are suitable for 
use in hazardous locations. Type 1 is designed for Class 
I locations wha*e flammable gases or vapors are, or 
may be, present in the air in quantities sufficient to 
produce explosive or ignitable mixtures. Type 9 enclo¬ 
sures provide protection in Class 11 locations where 
combustible dust is or may be present. The number on 
these boxes may be followed by a capital letter. This 
letter references the enclosure for use in an area 
subjected to a particular group, or groups, of gases, or 
where various types of dust are present 

Type 12 enclosures are for industrial use. They 
prohibit the entry of such materials as dust, lint, fibers, 
and filings. They also exclude oil or coolant seepage. 

NEMAType 13enclosuresarealsodustandoiltight. 
They are of cast construction with a gasket for use in 
the same areas as Type 12. Type 13 enclosures have a 
cast housing as an integral part of the device for the 
conduit. The mounting arrangement on this device is 
by means of blind holes rather than mounting brackets 
on Type 12 enclosures. 

Mounting Hardware 

Inspect the mounting hardware that was shipped with 
the motor to determine if it is appropriate for the 
installation. Does the invoice match the purchase 
order? 

Motors may be mounted with various orientations 
from being on the deck, on a wall, or on a ceiling. If the 
proper mounting hardware is not available when the 
motor is ready for installation, considerable delays can 
be encountered. Keep the hardware with the motor so 
it is readily available for the installation. 

Storage 

Take the following precautions when storing a motor 
before it is to be put into operation: 

1. Store indoors rather than outside. If the 
machine must be outside, cover it completely 
to protect it from weather and other 
environmental hazards. In either case, select 
an area that is clean and free of contami¬ 
nants. Do not place the motor directly in 
contact with the earth or a concrete floor. 
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Use some scrap wood as a spacer so the air 
can circulate completely around the machine. 

2. Protect the motor from becoming wet 

3. Do not expose the motor to extreme tempera¬ 
tures. 

4. Fill oil reservoirs to completely cover bear¬ 
ings. This level will usually be above the 
normal recommended level. Tag the motor as 
to this condition. This is to warn the electri¬ 
cian who puts it into service to drain the ex¬ 
cessive oil before operating the motor. 

5. Remove the tension on brushes if the motor 
has them. Corrosion is apt to occur between 
the brush and commutator or slip ring. This 
can result in a flat spot which will result in 
uneven wear and possible sparking. 

6. Keep the temperature of the motor slightly 
higher than the surrounding air to prevent 
condensation. If the motor has space heaters, 
activate them while the motor is in storage. 
Be sure combustible materials do not come 
into contact with the heaters’ covers. The 
temperature may be high enough to cause a 
fire. If space heaters are not part of the 
motor, use thermostat-controlled heaters or 
lamps to maintain the desired temperature. 

7. Leave the rust preventive protection on the 
exposed machined parts. Slush these areas if 
they are not completely covered. 

8. Megger the windings at regular intervals. 
Keep a log of these readings to detect any 
significant decrease in the insulation resis¬ 
tance. If moisture is starting to accumulate, 
the temperature range on the thermostat may 
need increasing. It may also be necessary to 
dry the motor. 

9. Rotate the armature every few months. This 
is particularly applicable to motors that use 
grease for the bearing lubricant. The grease 
will drip down over time and not completely 
protect the bearing and races. This can result 
in corrosion or rust 

10, If the motor is in storage for over a year, 
consult the manufacturer’s representative for 
a competent technical field inspection to 
ensure that the storage process has not 
harmed the motor. 


Mechanical Considerations 

When the motor is brought into the area in which it is 
to be installed, there are several considerations which 
must be given to its proper installation. Article 110 of 
the NEC sets forth the general requirements. Among 
these requirements is the statement that all electric^ 
installations shall be installed in a neat and workman¬ 
like manner. An electrician who is competent in the 
profession, and who takes pride in the work performed, 
will adhere to this statement 

Location 

Normally, the blueprints will specify the exact location 
of a motor. G i ven a choice, pick a location that will have 
the least amount of dirt, dust, liquids, and other con¬ 
taminants. Allow enough space around the motor for 
the free flow of air to maintain an ambient temperature 
of 40°C or lower. 

There must also be sufficient space for the installa¬ 
tion and maintenance of the motor. Do not use these 
spaces for storage. The motor under certain circum¬ 
stances must be guarded by one of the recommended 
methods prescribed in the NEC to protect personnel 
against accidental shock hazards. 

Guards are also required on the exposed moving 
parts of a motor. This is especially important on motors 
that are remotely or automatically started or stopped. 
This recommendation extends to those motors that 
have automatic resets on overload protection devices. 

Where the general requirements for a motor instal¬ 
lation are not met, the necessary modifications to the 
motor and the area in which it is installed shall be 
followed. These changes are necessary to meet the 
requirements of the NEC, local codes, and the manu¬ 
facturer’s recommendations. 

Noises due to the motor’s operation may be a factor 
in some cases. Motors operating in homes and public 
buildings such as schools, hospitals, and theaters re¬ 
quire some form of sound isolation. Some motors are 
quieter than others and can be used in public areas. 
Special sound absorbing mounts are used on the mo¬ 
tors. Other motors require soundproofed equipment 
rooms. You may want to review some of the recom¬ 
mendations made in Part I of this text for the sound 
reduction methods used for transformers. The same 
principles apply to motors. 

Mounting 

Most motors come with a mounting base. The mount¬ 
ing dimensions are usually based on NEMA standards. 
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These are set according to the frame size of the motor 
and how the motor will be mounted. Motors with the 
same number normally have interchangeable, base 
mounting dimensions depending on how the motor is 
to be mounted. Specifications for detailed dimensions 
on any given motor should be consulted. These will be 
given in the manufacturer’s printed matter on the 
motor. 

The vast majority of motors are the horizontal type 
that are floor mounted. There are, however, many 
different possible configurations for mounting hori¬ 
zontal motors which the specifications of a particular 
job may require. The motor may have to be mounted on 
the ceiling or on a wall. It may be mounted in a vertical 
position as well as horizontal. Figure 9-2 shows the 
many different possibilities. Unless the purchase order 
specifies how the motor is going to be mounted, the 
motor will arrive at the site for the F-1 mounting. 

Standard motors may be supplied for F-2 mounting. 
When the motors are mounted on the ceiling or a wall, 
the ventilation openings are located downward to 
make the motors cMi^roof. Likewise, vmical mounted 
motors, which have ventilation openings in the bell 
housing, will have these openings on the end of the 
motor that points down. The other end of the motor will 
be closed to prevent the entrance of liquids. 

Usually the smaller motors designed for horizontal 
mounting can handle external thrust loads in either 
direction within cmain design limitations. The manu¬ 
facturer’s specifications for the particular motor must 
be consult^ to assure that these limits will not be 
exceeded. Larger motors require special lubrication 
systems, and the purchase order must specify if the 
shaft will point up or down. 

When motors are to be mounted on walls or ceil¬ 
ings, additional lifting lugs may be required. Standard 
lifting lugs may not be located for this purpose. Where 
these conditions exist, employ experienced riggers to 
put the motor in place. This additional expense is 
worthwhile to avoid possible injury to personnel and 
equipment 

Mount the motor on a firm, level foundation. The 
foundation must have sufficient strength to carry the 
load. Fasten the motor securely to the foundation. 

Medium to heavy loads cannot safely be fastened to 
soft masonry materials such as plaster or plasterboard. 
Use special concrete bases for horizontdly mounted 
motors. The size and strength of the base for a particu¬ 
lar motor is not simple to calculate. Where this is 
critical, the specifications are the responsibility of the 
engineering department 


Generally, a base with a thickness of 2 to 4 inches, 
and of sufficient size to comfortably hold the motor, 
will have the strength to keep the motor in place during 
its operation. A 1:3:6 mixture is normally recom¬ 
mended for the concrete base. This consists of one part 
cement, three parts sand, and six parts gravel. 

Masonry plugs and bolts are normally used to fasten 
the motor to the foundation. Their size and number are 
specified by the manufacturer of the motor. Due to 
varying conditions of the mechanical loads, a safety 
factor of 4:1 is recommended for the plugs and bolts for 
static loads. That is, they will withstand four times the 
requirements of the design load. Dynamic loads, such 
as motors, require a larger safety factor. When motors 
are wall or ceiling mounted, or when there is consider¬ 
able vibration with resulting shear and twisting forces, 
the ratio requirement is as high as 10:1. 

Loads on the masonry anchors are transmitted to the 
material in which they are installed. The industry’s 
standards recommend a spacing between anchors of 
ten times the diameter of the anchor to obtain 100% 
efficiency. They also recommend that the anchor is not 
placed closer than five times its diameter from the edge 
of the material. Anchors may be located closer to each 
other by as much as 50%, but there is a proportionate 
reduction in the efficiency of the installation. 

Before the introduction of the many fasteners now 
in use, wood plugs were often used. These do not have 
the holding power of that of the modem anchors, and 
they are no longer acceptable according to the NEC. 

Coupling 

The type of drive to select depends on many factors. 
Some of these include the type of motor, requirements 
of the mechanical load, the power supply, space limi¬ 
tations, safety requirements, working conditions, and 
the initial and operating costs of the system. The types 
of couplings are 

1. Direct 

2. Belts and pulleys 

3. Chain and sprockets 

4. Gears 

5. Magnetic clutch 

1. Direct coupling is used when the speed require¬ 
ment of the machine is the same as that of the motor. 
Some common examples are fan blades, pumps, and 
motor-generator units. One of the other methods of 
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coupling is used when the motor’s speed differs from 
the requirements of the driven machine. 

In the cases of the fan blades and pumps, these can 
be connected directly to the shaft of the motm* using a 
couple with set screws. Another method is for the shaft 
to be threaded so the devices can be attached in this 
manner. 

In both of these cases, self>alignment is assured. 
The installer must make sure that the driven body is 
firmly secured by the set screws to the motor shaft 
when the coupler is the selected method. 

When the threaded shaft is used, the possibility 
exists in some cases that an impeller will unscrew if the 
motor is run in the reverse direction. Precautions to 
prevent this must be designed into the system to 
prohibit the accidental rev^sal of the motor. Threaded 
shafts require either left- or right-hand threads depend¬ 
ing on the direction of rotation of the motor. When the 
motor is in operation, it must turn so that the force on 
the driven body will maintain a force to keep the 
threads tight 

The possibility also exists that when a motor loses 
power, the driven body wdl cause the motor to spin in 
the reverse direction. Water and oil pumps are good 
examples. As the liquid flows back into the well, the 
impeller is driven in the reverse direction. If power is 
restored during this time, the motor may start in the 
reverse direction. 

One approach to prevent the impeller from separat¬ 
ing from the shaft is to use a pressure-tight pin driven 
through the shaft and impeller. The mechanics of this 
system will prevent the two from coming apart 

In othCT cases, the accidental reversal of the motor 
can cause sev^e damage to the driven equipment. A 
time-delay relay in the control circuit will prevent the 
motor from being started until enough time has lapsed 
for the impeller to stop. 

There are other me^ods that will prevent the motor 
from tumingexcept in one direction. Centrifugal switches 
are one possibility. Three-phase motors may be equipped 
with anti-phase reversing relays. 

When a coupler is used between the motor and the 
driven machine, such as a motor-generator unit, care 
must be taken to align the two. Failure to do so will 
result in excessive vibration. This in turn causes pre¬ 
mature bearing failure due to the stresses of misalign¬ 
ment. 

The manufacture of the motor-machine unit will 
have prescribed methods for making this alignment. 
The use of a straight edge with feeler gauges is usually 
not good enough to meet the alignment requirements. 


Dial indicators are recommended by many of the 
manufacture. The G^eral Electric Corporation limits 
the deviation to 0.002 inch for measurements made on 
all four quadrants between the faces of two couplings 
of a motor-generator unit. The bases of the two units 
have provisions for the adjustments to achieve the 
necessary alignment 

Once alignment is complete, and the machines are 
firmly bolted into position, grout the bases around and 
under the units. This prevents any further movement of 
the units in respect to each other. Use a cement sand 
ratio of 1:2 or 1:3 for this purpose. Add just enough 
water to keep the mixture firm and stiff. Aminimum of 
1 inch diickness is necessary to provide eiK)ugh strength 
for the grout to be effective. 

Direct couples may be rigid or flexible. Flexible 
couples are generally preferred. Use flexible couples 
when alignment is extremely critical. They allow for 
slight misalignment and minimize the wear on the 
bearings. They must be used when the motor and the 
driven unit have four bearings or mcnc. Three-bearing 
designs normally require rigid coupling. 

2. Belts and pulleys are the simplest and least costly 
method of coupling the motor to the load when the 
RPM of the motor does not meet the requirements of 
the load. Speed changes is accomplished through the 
ratio of the diameters of the pulley on the motor and 
that of the load. This is expressed mathematically as 

Speed of Motor/Speed of Machine = d/D 
where, 

D is the diameter of the pulley on the motor, 

d is the diameter of the pulley on the machine. 

If the diameter of the machine’s pulley is greater 
than that of the motor, its speed will be lower than that 
of the motor. For example, a motor operating at 1800 
RPM with a pulley of 2 inches is driving a 6-inch 
pulley on the machine. The machine’s RPM will be 
600. 

1800/X = 6/2 
6X=3600 
X =600 RPM 

The maximum practical speed ratio obtainable is 
dependent on several factors. These include the stan¬ 
dard size of pulleys available, distance between pul¬ 
leys, and the arc of contact on the smaller pulley. The 
practical ratio decreases with the increase in horse- 
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power of the motor. Small FHPmotors may have ratios 
of as much as 10:1. Motors over 50 horsepower have a 
limit of 4:1. 

Because belt drives cause a bending force on the 
shaft of the motor, locate the motor *s pulley as close to 
the motor's bearings as possible. This reduces the 
leverage on the shaft and increases the life of the 
bearings and the shaft. Overtightening the belt to avoid 
slippage will result in the early failure of belts, shafts, 
and bearings. 

The motor will normally have an adjustable base to 
allow the belt(s) to be tightened. Adjust the tension on 
the belt just enough to prevent slippage when the maxi¬ 
mum torque is being delivered by the motor to the load. 
A rule of thumb for proper tension is that the top of the 
belt will sag about Vs inch for each foot of length. This 
will vary somewhat with different types of belts. Follow 
the manufacturer’s recommendations for the belt in 
each case. 

The length of the belt (L) can be determined by the 
following formula. 

Length = (D + d)1.57 + 2L 

Measure the diameter of the two pulleys and add them 
together. Multiply the sum by 1.57. To this add two 
times the distance between the centers of the pulleys. 
If the diameter of the pulleys and the distance between 
centers are in inches, divide the final figure by 12 to 
convert the total length into feet 

When the belt is not tight enough, an excessive 
amount of slip will result The slip causes friction 
between the pulley and the belt. Both the belt and the 
pulley will take on a shiny appearance. This is in 
contrast to a dull, smooth appearance when both are in 
good condition. The belt loses its traction with the 
pulley. The belt may begin to bum under this condi¬ 
tion. Smoke is often present. The heat will destroy the 
belt within a short time. In severe cases the belt will 
come apart 

Other factors than proper tension on the belt can 
cause excessive slip. If the load becomes too great, the 
slippage will increase. A common cause of a relatively 
fixed load increasing its slip is due to bearing failure on 
the driven machine. Other causes include improper 
maintenance on the belts. Keep them clean of oil and 
other contaminants. Some systems have improper 
designs. 

Allow a minimum distance of 2.5 times the diame¬ 
ter of the largest pulley between the centers of the 
driving and driven pulleys. Allowances of three to five 


times is better. With shorter belts, the flexure occurs 
more frequently at each cross-section. This means the 
belt is bent and stressed more often for the smaller 
distances. Also, the arc of contact between pulley and 
belt is reduced on the smaller pulley. This results in less 
power being transmitted between motor and load. 

Beit speed is a limiting factor in the transmission of 
the power. Flat belts are normally limited to 5000 ft/ 
min, and "V” belts have upper limits of 6500 ft/min. 
Above these speeds, contact is lost between the belt 
and pulley, and the centrifugal and twisting forces tend 
to throw the belt 

The maximum allowable speed varies with the 
manufacturers of pulleys and belts and the system 
design. It is best to run the belts at a higher speed rather 
than a lower one when using smaller pulleys. The belt 
adheres to the pulleys better and is less likely to slip. 
Refer to the manufacturer’s specifications to assure the 
maximum speed is not exceeded. Calculate the belt 
speed using the following formula: 

Ft/Min = (3.14 X Diameter of Pulley X RPM)/12 

Locate pulleys in the horizontal plane with their 
centers aligned whenever possible. This provides the 
most efficient type of drive. The lower side of the belt 
should be taut with the sag at the top. This arrangement 
increases the arc of contact between the pulleys and the 
belt. Avoid having the belt sag at the bottom. Proper 
tension on the belt is achieved when the sag is about 114 
inches for each 10 feet between the centers of the 
pulleys. Figure 9-3 illustrates this arrangement 




Figure 9-3. Horizontal pulley drive. 
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If possible, avoid vertical drives. The arc of contact 
is reduced when one pulley is directly above the other. 
This is particularly true if the smaller pulley is on the 
bottom. Under this condition only about 120° of con¬ 
tact is achieved between the small pulley and die belt. 
By putting the small pulley on top, the angle of contact 
is increased to 155°.'niisarrangementis recommended 
when vertical drive must be used. An angle of 45° or 
less between the pulleys provides for better operating 
efficiency (Figure 9-4). 



Once the motor is properly mounted, the next step 
is to align the driven pulley with the motor’s pulley. A 
misalignment between the two pulleys will cause the 
belt to wobble and flap. This causes strain on shafts and 


bearings and stretches the belt In some cases the belt 
will come off the pulley. Figure 9-5 illustrates one 
procedure to assure the pulleys are in line with each 
other. 



Figure 9-^. A method for aligning two pulleys. 


The tools needed for this method are a plumb bob, 
square, and a level. A combination square and level 
may be used. 

The first step in alignment is to determine if the 
motor and driven machine are level. This alignment is 
to be set first Shimming one or the other machines 
may be necessary. If one of the devices cannot be 
brought into a level position, align the other to the 
same position. 

To align the two pulleys so they are parallel and 
centered with each other, establish the datum line first 
Use the plumb bob for this puipose. Drop the plumb 
bob fiom the shaft on each side of the driven pulley. 
Mali: the points where the plumb bob barely touches 
the floor. Draw the datum line between these two 
points. This places the datum line parallel with the 
shaft of the pulley. 

The next step is to drop the plumb bob from the 
center of the driven pulley. Once again mark tl^ point 
on the deck. Using the square on the datum line, align 
it with the center point of the driven pulley. Draw a 
straight line. The datum line and the pulley’s center 
line are at 90° to each other. 

Next, drop the plumb bob from the motor’s pulley. 
Align the motor so that the plumb bob barely touches 
the center line of the two pulleys. Perpendiculars can 
be drawn with the square from the pulley’s center line 
though the colters of the mot(H‘’s mounting holes. 
Check the level (mce again betweoi the two devices. 
Use shims if necessary to Ixing the two into level. 
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Install the belt between the motor and the load. 
Draw up the belt so there is about 1/8-inch sag for each 
foot of belt. Tighten the leg bolts and nuts. Check the 
alignment to be sure it has not changed. 

Belts tend to stretch somewhat during the first 24 to 
48 hours of operation. Check the tension frequently 
during this period. Note any unusual movement of the 
belts or wear on them. 

3. Chain drives are oft^ used when belt slippage 
cannot be tolerated under varying loads. Although belt 
and pulley systems can be designed so that the slippage 
between the two pulleys is in the range of 2%, this may 
be too much for some systems. 

Speed ratio of chain drive is calculated in the same 
manner as for pulley drives. This is based on the RPM 
and the motor and the diamet^s of the two ^rockets. 
If the motor sprocket is larger than the driven sprocket, 
the load will turn at a higher speed based on the ratio 
of the diameters of the sprockets. Conversely, if the 
motor’s sprocket is smaller than that of thedriven load, 
the load will turn at a lower speed. 

For chain drives, the maximum speed ratio is lim¬ 
ited to about 8:1. In addition, the maximum speed of a 
chain is in the order of 1500 fr/min. 

Chain drives are noisi^ than belt drives. In some 
cases this may be a consideration that needs to be taken 
into account. For quietness and smoothness of opera¬ 
tion, chain speeds are usually limited to 600 ft/min. 
The length and speed of the chain can be calculated 
using the same method as that for belts and pulleys. 

Alignment of the sprockets is a little more critical 
than that of the belts and pulleys. The same procedure 
is used for both systems. A little more care is taken with 
the chain and sprocket drives. 

4. Gear drives are the most expensive of any system 
used to couple a load to the motor. They are used when 
an absolute positive drive is required to reduce slip to 
zero. They are also the most desirable method of 
coupling in the cases where a belt or chain break may 
cause a dangerous situation. 

Gear drives also provide much greater speed ratios 
than either belts or chains. Although for a single set of 
gears this ratio is limited to about 10:1, any ratio is 
possible by the ^plication of several sets of gears. 
Gears are often used when the load must turn at a very 
low RPM. This reduction in speed can be accom¬ 
plished in a much smaller space than the previously 
discussed methods. 

The speed ratio of gear drives is based upon the 
number of teeth on the pinion gear and the driven gear. 
The pinion gear is the one with the least number of 


teeth. For speed reduction, which is normally always 
the case wh^ gear drives are used, the pinion gear is 
attached to the motor’s shaft 

If an 1800 RPM motor has a pinion gear with 16 
teeth driving a gear with 48 teeth, the load will turn at 
600 RPM. In this case there are three teeth on the 
driven gear for each tooth on the pinion gear. The 
pinion gear must make three complete rotations for 
each rotation of the driven gear. The mathematical 
formula for determining these values is 

RPM Motor/RPM Load = Teeth Load/Teeth Pinion 
1800/X= 48/16 
48X= 16X1800 
X=600 

Gear drives are noisier than either belt or chain 
drives. To reduce this noise level, pinion gears in some 
cases are made of a hard fib^ or plastic material. TMs 
not only reduces the noise level, but in the case ofn 
jam, only the pinion gear will be damaged. Normally, 
this gear will be the easiest one to remove and rq)lace. 

Gears are usually enclosed and submeiged in an oil 
bath. This keeps the gears lubricated and reduces 
friction. The oil removes the heal g^emted by the 
gears, increasing the life of the gears. The oil bath also 
absorbs the noise energy, thereby reducing the noise 
level of the system. 

5. Although not frequently used, magnetic coupling 
has some distinct advantages over all of the other 
types. The primary advantage is this method needs no 
mechanical means for the motor to turn the load. The 
motor can be running at full RPM without the load. By 
applying current to an electromagnet, a magnetic force 
is created which provides tm’que to the load. 

The current to the magnet can be increased in 
increments so that a sudden turning force is not applied 
to the load. The load can be slowly brought up to speed. 
On the other hand, full torque can be {q)plied to the load 
by the motor on start by allowing the maximum current 
to flow through the electromagnet 

By using various levels of magnetic force, the load 
can be made to turn at exact speed. Reducing the 
magnetic force will increase the slip, and the load will 
turn at a lower speed. Increasing the magnetic force 
will cause the load to turn at a higher RPM. When 
magnetic coupling is used, the RPM of the load cannot 
exceed the RPM of the motor. 

Because no friction is present with this system, the 
slip between motor and load will not generate heat. 
There are no mechanical parts to wear out, and the 
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maintenance on die coupler is minimal Chmll, magnetic 
coupling is the most efficient of all of the systems. 

Electrical Considerations 

All electrical wiring, accessories, and circuit protec¬ 
tion for motors and their controllers shall comply with 
the NEC and any additional requirements of the local 
jurisdiction in which the motor is to be installed. The 
codes prescribe the electrical requirements for the 
installation of motors. Manufacturers* recommenda¬ 
tions are to be considered in each case. 

Article430 of the 1987 NEC is the basis for most of 
the statements and calculations made in this section. 
Because the NEC is revised every 3 years, specific 
sections of Article 430 that are identified need to be 
reviewed for any changes in future editions of the 
code. Local jurisdictions do not always adopt the NEC 
when a new edition is published, or they may differ on 
some of the provisions. The local code will take 
precedence under these conditions. 

Figure 9-6 shows the major sections of a motor 
system. Each section has certain requirements. The 
basic rules and calculations are discussed for most 
common problems associated with the installation of 
motors. Not all exceptions and varying circumstances 
are attempted, and you will need to refer to the exact 
code requirements for actual conditions on the job. 

Power Supply 

The requirements of the motor must conform to the 
voltage and frequency of the pow^ supply of the plant. 
The power supply must have the required ampacity to 
provide the current drawn by the motor. 

A transformer may be the power source when the 
voltage ratios must be changed to meet the require¬ 
ments of the motor. At the same time, the motor’s 
voltage may conform to the distribution voltage of the 
plant. In this case, a transformer is not needed. 


Branch Circuit Conductors 

The gauge of branch circuit conductors is based upon 
the type of loads they supply and the amount of current 
necessary to supply the particular load. In the case of 
a single motor load the ampacity of the conductor must 
be 125% of the full-load current (FLC) of the motor. 
The primary reason for this is the overload relay can be 
set to operate at this higher value, and the conductors 
can carry the higher current for a long period of time. 
This limits the FLC of the motor to 80% ampacity of 
the conductor. Under this condition, the conductor will 
not overheat and the stress is reduced under normal 
operation. 

If the motor is a noncontinuous load, the conductors 
would be sized according to the time of the duty cycle 
and the classification of service of the FLC on the 
nameplate of the motor. Because the motor does not 
operate continuously, the conductors have time to 
cool. Unless it is impossible for a motor to operate 
continuously under any condition, it is classified as a 
continuous load. This is the case for the majority of 
motors. 

The FLC stamped on the nameplate of the motor is 
not used for sizing the branch circuit conductors for a 
continuous duty motor. Instead, the FLC is taken from 
the tables in Part M of Article 430 of the NEC. Four 
tables are provided for this purpose. A different table is 
given for DC motors, single-phase motors, two-phase 
motors, and three-phase motors. In each of these 
tables, the higher the horsepower and the lower the 
voltage, the greater the FLC. 

Apply the previous rules for conductors to the 
following problem. Determine the size of THW copper 
conductors rated for 75°C for a 50-horsepower, three- 
phase motor rated at 460 V to be operated continu¬ 
ously. The FLC on the nameplate is 60 amperes. Figure 
9-7 illustrates this problem. 

If your answer is AWG No. 4 conductors, you are 
correct. Here are the steps you should have taken. 


MOTOR CONTROLLER 
DISCONNECT AND CONTROL CIRCUITS 



Figure 9-6. Sections of a motor system. 
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BRANCH 



Figure 9-7. Branch circuit conductors 
for a single motor. 

1. From Table 430>150 of the NEC you find 65-A 
FLC listed for a 50 HP, three-phase, 460-V 
motor. 

2. Because the load is continuous, multiply 65 
amperes by 1.25. This equals 81.25 amperes. 

3. From Table 310-16 of the NEC, you determine 
that No. 4 AWG is needed for the conductor 
specified. 

If the horsepower rating of the motor is not listed in 
the tables, the FLC can be determined by the following 
method. 


motor, the conductors are siied according to die name- 
plate FLC times 125%. 

A motor that is not used for continuous duty does 
not have to have branch circuit conductors rated at 
125% of the FLC. Because the motor is started and 
stopped, varying heat loads are placed on the conduc¬ 
tors. Conductor sizes are based on the length of time of 
the duty cycle and on how the motor is used. The 
nameplate FLC is multiplied by the tmiOT given in the 
NEC, Table 430-22(a) Exceptions. If the motor is 
running for 15 minutes, it must have a rest period of 45 
minutes, unless the nameplate of the motor indicates 
otherwise. The run time is subtracted from 60 minutes. 

Feeder Circuits 

The conductors of the feeder circuit supplying several 
motors are sized in accordance with Section 430-24. 
To determine the gauge of wire for the conductors, the 
FLC for each motor is added together. An additional 
25% of the highest rated FLC is added to this value. 
Using this rule, determine the size of the conductors 
for the feeder for the motors illustrated in Figure 9S. 


1. Use the FLC for the motor listed with the next 
lower horsepower rating. 

2. Divide the FLC by the horsepower rating. 

3. Multiply the results obtained in step 2 by the 
horsepower rating of the unlisted motor to 
obtain its FLC. 

Using this information, determine the FLC for a 
three-phase, 12.5-horsepower motor rated at 230 volts. 
If your answer is 35 amperes you have correctly solved 
the problem. 

The steps in solving this problem are 

1. Locate the 28-A FLC of the three-phase, 10- 
horsepower motor rated at 230 volts in Table 
430-150. 

2. Divide 28 amperes by 10 horsepower to obtain 
a multiplier of 2.8. 

3. Multiply 2.8 limes the unlisted 12.5-horse- 
power motor to obtain the 35 A. 

Multispeed motors draw different FLC for each 
speed. The lower the speed of operation, the higher the 
current. Branch circuit conductors on the line side of 
these motors must be 125% of the nameplate current of 
the highest FLC shown. Between the controller and the 


POWER SOURCE 


OVERCURRENT 

PROTECTION 

INCLUDED 



M 0 


c 


c 

BRANCH 

CIRCUITS 
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7.5 HP 5 HP 

230 V. 230 V. 1 0 


Figure 9-8. Feeder conductors for multiple motors. 
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IfyouranswerisAWGNo. l/0,youareccMTect.The 
steps to obtain this answer are 

1. FLC for each of the single-phase motors is 
found in Table 430-148. These values are 50, 
40, and 28 ampo'es for the three motors based 
on their horsepower ratings. 

2. Multiply the largest value (50 A) by 1.25 to 
obtain the value of 62.5 amperes. Add the 40 
and 28 amperes FLC of the other motors to 
this figure. The result is 130.5 amperes which 
the feeder conductors must be able to deliver 
safely to the loads. 

3. Use Table 310-16 to determine the wire size as 
AWGNo. 1/0. 

When the demand factor is less than the continuous 
load, the feeder conductors may be smaller with per¬ 
mission of the local inspector. They must have ampac¬ 
ity sufficient for the duty cycles, type of loads, and 
conditions of operation. 

Taps 

In the illustration shown in Figure 9-8, the feeder 
conductors are brought to an auxiliary gutter and taps 
are made to supply the three motors. The taps must 
terminate in the branch circuit protective device. In 
this case, the disconnects must have fuses. If not, a 
panel with either circuit breakers or fuses is necessary 
to feed and jwotect the individual branch circuits. 

Protective devices are notneeded at the source if the 
taps meet one of the following conditions. 

1. The taps have the same current carrying ability 
as the conductors of the feeder. 

2. They have an ampacity of at least one-third 
that of the feeder conductors, are protected 
from physical damage, and have a length not 
in excess of 25 feet 

3. The length of taps do not exceed 10 feet, and 
they are protected by a raceway or an enclosed 
controller. 

There are exceptions to these three conditions, and the 
appropriate section of Article 430 should be consulted 
when conditions differ. 

Conductors for Wound Rotor Secondary 

The rotor of the wound rotor motor is connected 
through slip rings and conductors to a bank of resistors. 


The conductors for continuous duty operation shall 
have 125% of the ampacity of the FLC of the secon¬ 
dary circuit. FLC of the secondary will be found on the 
nameplate of the motor or it will be provided by the 
manufacturer. 

For varying duty cycles and applications, the con¬ 
ductor’s ampacity may be other than 125% of the FLC. 
Table 430-22(a), Exceptions, is used to determine the 
percent of the multiplier for the secondary circuit 
conductors as well as that of the primary circuit. The 
percentages range from 150% for 30- and 60-minute- 
rated motors, to a low value of 85% for 5- and 15- 
minute-rated motors. 

Conductors for Capacitors 

When capacitors are separate from the motor, the 
conductors that connect the motor to the capacitors 
shall not be less than 135% of the rated current of the 
capacitors. In addition, the current carrying capacity of 
the conductors must be at least one-third as great as the 
branch circuit conductors supplying the motor. 

In summary, main, feeder, and branch circuits must 
have conductor ampacity that is at least as great as the 
sum of 

1. 125% of the continuous nonmotor load. 

2. 100% of noncontinuous, nonmotor load. 

3. 125% of the largest motor’s FLC plus the FLC 
of any other motors. If there are two motors 
with the largest HP rating, one of them is con¬ 
sidered to be the larger. 

4. 100% of all other motors’ full-load current 

Disconnect 

There are exceptions in the NEC to many of the 
provisions listed for the disconnecting means. Each 
installation requires a review of the code to assure 
compliance. Appropriate sections of the NEC include 
430-81, 430-83, 430-109, 430-110, and 430-111. A 
summary of the requirements for the switches used as 
disconnects for motors follows. 

1. A disconnect shall be used to remove power 
from both the motor and the controller. 

2. The disconnect shall have sufficient number of 
poles to open the circuit to all ungrounded 
power supply conductors. 

3. The grounded conductor is permitted to be 
opened by the disconnect provided the un¬ 
grounded conductors are simultaneously 
opened. 
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4. The disccHinect shall be clearly maiked as to 
its cm-off status. 

5. The disconnect shall be within sight of both 
the motCM’ and the controller, or be capable of 
being locked open. ^In sight** means that it is 
visible from IxHh the controll^ and the motor 
and within Hfty feet of each of them. 

Although exceptions are made in die NEC, in 
general, each motor shall have an individual discon¬ 
nect means. The disconnect shall be a nmtor-circuit 
switch rated in hcx^qiower, a circuit breaks, or a 
molded-case, nonautomatic, circuit interrupter switch. 

Stationary motors with voltage ratings of 0 to 300 
volts have the following requirements for the discon¬ 
nect. 

1. For a motor rated at 2 horsepowa- or less, the 
options are 

a. A switch rated in horsepower 

b. A general use switch with an ampere rating 
of at least 200% the ampere rating of the 
motor 

c. Use an AC (only) snap switch with a rating 
of at least 125% of the motor's current 
rating 

2. Motors having ratings in a range greater than 2 
HP up to and including 100 horsepower shall 
have the disconnect switch rated in horse¬ 
power. 

3. Motors larger than 100 horsepower shall have 
a minimum ampere rating of 115% of the 
motor's nameplate current rating. If the switch 
is used for control purposes, it shall have a 
horsepower rating. 

Motors having voltage ratings between 301 and 600 
volts shall have the disconnect switch rated in horse- 
pow^ for motors less than 100 horsepower. Motors 
above 100 horsqmwer shall have a minimum rating of 
115% of the motCM^'s nameplate current rating. When 
used as the controller, the switch shall be rated in 
horsepower. 

For portable motors the attachment plug and recep¬ 
tacle is permitted to serve as the disconnecL For 
motors under 1/3 horsepower, the attachment plug and 
receptacle may also serve as the controller. Motors 
above 1/3 horsepower shall meet the same require¬ 
ments as a controUo’ for stationary motors. 


For motors rated 600 volts or less, the ampere rating of 
disconnect shall be 115% of the FLC as determined 
from Tables 430-147 through 430-150. In the case of 
torque motors, the ampere rating shall be 115% of the 
nameplate current One hundred percent of FLC is 
permitted to be used when the disconnect is rated for 
continuous (^ration at 100% of its rating. 

Where two or mrae motors, or a combination of a 
motra and heating and lighting circuits, are s^ed by 
a single disconnect the ampere rating of the discon¬ 
nect shall not be less than 115% of the summation of 
the full-load current of the branch circuit Article 220 
and other appropriate sections of the NEC arc used to 
determine the current of the heating and lighting loads. 
The FLC of the motor<s) obtained from the tables in 
Article 430 is added to these loads. 

Locked-rotor currents (the current drawn by the 
motor when the rotor cannot turn with full voltage 
applied) for each motor obtained from Table 430-151 
shall be added to the currents of the other loads to 
obtain the equivalent full-load, locked-rotor current 
for the combined load. Locked rotor currents are about 
six times the FLC for a given motor. 

Controller 

A controller is a device that starts and stops a motor. It 
may be as simple as a single-pole, single-throw switch. 
Under other requirements, the controller may include 
provisions for reduced voltage starts, acceleration, 
speed control, reversing direction or rotation, jogging, 
inching, plugging, or braking. The controller delivers 
the required power and frequency to the motor to 
accomplish these purposes. Under these conditions, 
the starter or controller, may be very complex (Figure 
9-9). In general, the controller must have a horse¬ 
power rating equal to or greater than that of the motor 
it controls. 

Motor controllers are manual, magnetic, or solid 
state electronic devices. They may be a combination of 
all three. 

Manual devices require the use of the hand to open 
or close a switch, press a button, or c^ate a drum 
controller. The basic functions of performing these 
tasks with the magnetic controll^ are accomplished 
using coils and solenoids. 

In the case of solid state electronics, the device 
itself acts as a switch and resistance in applying the 
required current and conditions required by the motor. 
Silicon controlled rectifiers are often used fO€ this 
purpose. By electronically timing the gate pulse to the 
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(A) Simple controller 





(B) Complex controller 


Figure 5>-9. Simple and complex controllers. 

(Courtesy Square D Co) 

SCR, the time that current is applied to the motor can 
vary from the full 360® to zero current at 0®. 

Magnetic and solid state devices allow for remote 
operation. The devices can be located close to the 
motor to connect the high currents required. Manual 
control may require the currents to flow over great 
lengths of conductors. For example, in the case of an 
oil processing plant and storage tank farm, miles of 
large conductors would be required if manual control 
was used. 


Starters using magnetic and solid state devices also 
provide isolation for the operator from the high cur¬ 
rents and voltages associated with the motor. An opera¬ 
tor may control a 575-volt, 100-ampere motor with a 
control circuit rated below 100 volts and with less than 
an ampere of current. 

Motor controllers may be fully manual, semiauto¬ 
matic, or fully automatic. The diagrams in Figure 9-10 
illustrate each of these conditions. 




(B) Semiautomatic. 



Figure 9-10. Motor coniroUers. 

Figure 9-1OA depicts a motor that is manually con¬ 
trolled by a simple hand switch. When the switch is 
closed the motor will run. Although not shown, an 
overload which will open if the motor draws too much 
current, should be included. 

Figure 9-lOB shows a semiautomatic system. To 
start the motor, the start pushbutton must be pushed 
manually. When this is done, coil C will activate and 
close the four c contacts automatically. 

There is one contact in series with each of the three- 
phase conductors going to the motor. These will close 
automatically and apply power to the motor. 


223 


Motors 9 


The fourth c contact across the start switch will 
close shorting the normal open contact of the start 
button. This will provide memory and keep the motor 
running after the start button is released. This arrange¬ 
ment is known as a three-wire control system. 

When the motor is running under normal condi¬ 
tions, it can be stopped by pushing the stqp button. As 
in the case of the overload opening, this will break the 
current path to the coil causing the c contacts to open. 
When the stop pushbutton is released, the motor will 
not automatically restart due to the c memory contact 
across the start button being open at this time. 

PUotdevices thatstartamotor running are normally 
open contacts. Those that stop the motor are normally 
closed contacts. Switches and relay contacts are usu¬ 
ally shown on the line diagram in the condition, open 
or closed, as they sit on the shelf of the distributor. 
When this is not true, notations will be made on the 
diagram that will describe if the contacts are energized 
or not. Timing diagrams are sometimes provided to 
show the periods that contacts will be open or closed. 

The line diagram in Figure 9-lOB is a common 
wiring scheme for control circuits. Figures 9-11 and 
9-12 depict the wiring that is performed on the motor 
starter to obtain this circuit 

Figure 9-lOC illustrates a fully automatic system. 
Once the disconnect is closed, the pump will turn on 
and off due to the force exerted on the pressure switch. 
This is similar to a typical water pump in a home which 
obtains its water from a well. Manual operation of the 
switch is not necessary in order to maintain water 
pressure. The only time human intervention must 
occur is for maintenance or repair. 

Overloads 

In series with the start-stop circuitand thecoil are three 
overload contacts. These contacts are normally closed. 
The current to the motor passes through heater coils 
that will cause these contacts to open if the current goes 
above a predetermined level for a given interval. This 
will bre^ current flow though the coil, and its arma¬ 
ture will release, opening the power to the motor. 
Usually, these contacts must be reset manually. A 
sufficient time lapse must occur for the motor to cool 
before the overloads can be reset, and before the motor 
can be restarted. Figure 9-13 shows the mechanics and 
operation of thermal overload relays. 

Overload devices are designed to protect the motor. 
Motors of more than 1 horsepower used for continuous 
duty are required by Section 430-32 to be protected 
against overloads. The overload shall be a separate 




Figure 9-11. Magnetic starter power circuit. 
iflourUsy Square D Co.) 

device that is activated based on the nameplate FLC. 
Motors marked with a service factor not less than 1.15 
or a temperature rise not to exceed 40°C will have the 
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ONE PIECE THERMAL UNIT 


HEATER WINDING (HEAT PRODUCING 
ELEMENT) IS PERMANENTLY JOINED 
TO THE SOLDER POT. SO PROPER 
HEAT TRANSFER IS ALWAYS INSURED 



ELEMENT) IS AN INTEGRAL PART OF THE 
THERMAL UNIT. IT PROVIDES ACCURATE 
RESPONSE TO OVERLOAD CURRENT. 

YET PREVENTS NUISANCE TRIPPING 



SINGLE POLE 

MELTING ALLOY 

THERMAL OVERLOAD RELAY 



THREE POLE 

MELTING ALLOY 

THERMAL OVERLOAD RELAY 



Drawing shows operation of melting alloy overload relay. As heat melts alloy, 
ratchet wheel is free to turn—spring then pushes contacts open. 


service factors not less than 1.15 and with temperature 
rises not over 40®C. All other motors are limited to 
130% of the FLC. 

Thermal Protection Devices 

In lieu of, or in conjunction with, the overload protec¬ 
tion on the starter other thermal-sensitive devices can 
be used to protect the motor from overheating or 
failure to start. These include such devices as thermo¬ 
stats, thermistors with positive temperature coeffi¬ 
cients, resistance temperature detectors (RTD), and 
thermocouples. Some of these require special circuits 
that will interrupt the control circuit of the motor and 
cause the power to be disconnected. Others may auto¬ 
matically disconnect power from the motor without 
disrupting the motor control circuit. 

Some of these devices must be manually reset, 
while others automatically reset themselves after they 
have cooled. If the latter is used, and the control circuit 
is not interrupted, care should be taken by the electri¬ 
cian when working on the motor due to the possibility 
that it may suddenly start. A motor with automatic 
restart thermal protection must never be used where an 
unexpected start may injure someone or cause damage 
to property. 

The trip current for thermal protection devices that 
are an integral part of the motor is based on the FLCs 
given in Tables 430-148,430-149, and 430-150. These 
devices are set to operate under the following condi¬ 
tions. For motors not exceeding 9 amperes, a multiple 
of 170% of FLC is allowed. From 9.1 up to and 
including 20 amperes, 156%, and for motors with FLC 
above 20 amperes, 140%. 

Thermal devices other than those on the motor 
starter are normally embedded in the stator windings 
or the frame of the motor. They are mounted in such a 
way that heat transfer from the motor to the thermal 
sensor is effected. 

Other Protective Devices 

Other types of protection can be added to a motor in 
order to protect it from damage. These devices will 
normally perform their function in conjunction with 
the control circuit They will either prevent the motor 
from being started under adverse conditions, or they 
will stop the motor if an abnormality exists which may 
cause damage to the motor or related equipment. 

When a three-phase system loses one of its phases, 
it is known in the industry as single-phasing. This is not 
an unusual occurrence, and can be caused by the 


Figure 9-13. Mechanics and operation of a 
thermal overload relay. {Courtesy Square D Co.) 
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malfunction of a single-phase transformer in the bank, 
or the opening of an overcurrent device in one phase. 

A three-phase motor with an FLC of 40 amperes 
would suddenly draw 69.2 amperes on the other two 
phases if single-phasing were to occur (40 A X 1.73 = 
69.2 A). This will cause the motor to overheat 

One could rely on the overload protection to take 
the motor off the line when the temperature reached a 
certain level. Another method, which would react 
instantly to the loss of a phase, would be a circuit which 
would sense the absence of one phase. Figure 9-14 
illustrates such an arrangement 



PROTECTION AGAINST SINGLE-PHASING 



Figure 5t-14. Protection against single phasing. 

In this case, two relays, R1 and R2, are connected 
across the three phases of the power line to the control¬ 
ler contacts of the motor. If all three phases are present, 
the relays will be energized, and their contacts will be 
held close. The contacts are in series with the coil of the 
controller. Under this condition, the motor will start 
and continue to run when the start button is pushed. 

If one of the phases, LI or L3, is not present, the 
single-phasing relay connected to that line will not be 
energized. When L2 drops out, there is not sufficient 
voltage to energize either of the relays. Under these 
conditions, the relay's contacts will remain open, and 
the motor cannot start 

If the motor is running when the phase is lost, the 
associated single-phasing protection relay will lose 
power with its associated contact opening. This will 
remove power from the controller's coil, and the motor 
will stop. The motor cannot be started until power is 
restored on all phases. 

This circuit could also serve as protection against 
low voltage. The relay coUs for the single-phasing 
protection would be selected so that they drop out if the 
voltage across them fell to a predetermined level. 

Another set of relays could be used to protect 
against high line voltage. These would have normally 


closed contacts placed in series with the control cir¬ 
cuit. If the voltage on the line reached a predetermined 
level, the armature would be activated, and the con¬ 
tacts would open, interrupting the control circuiL 

Motors may also be protected from excessive cur¬ 
rents by the addition of current sensing devices. Cur¬ 
rent transformers are commonly used to sense the 
current on each of the phases. The output of these 
transformers is connected to relays which have nor¬ 
mally closed contacts in series with the control circuit 
or the memory contact. The relays have pull-in current 
ratings which will provide a limit on the maximum 
current the motor can draw. 

Protection against excessive vibration of the motor 
can be provided in a similar manner. The vibration 
sensor would be mounted on the motor. It would have 
a set of normally closed contacts. These contacts could 
be wired either in series with the controller’s coil or in 
series with the memory contact c of the coil. When a 
certain level of vibration is reached by the motor, the 
contacts will open. This will cause the motor to stop. 
The motor may or may not be able to be restarted 
without some manual intervention. This depends on 
the design of the circuit and/or the vibration detector. 

Thermal sensors are sometimes installed to sense 
the temperature of the bearings of a motor. When a 
predetermined temperature is reached that would damage 
the bearings, the sensors activate a coil to open a set of 
normally closed contacts that stop the motor. This 
arrangement is normally designed to prevent the motor 
from being restarted until the temperature on the 
bearings is lowered to a safe value. 

Centrifugal switches, tachometers, photoelectric 
methods, and Hall sensors can all be used to control the 
speed of a motor. These devices in conjunction with 
associated control circuits can protect the motor from 
over or under speed operation. They can also be used 
to maintain a constant or predetermined RPM. 

Motors and their related circuits may also be pro¬ 
tected by surge and lightning arresters. High voltages 
and spikes on the power lines can cause damage to 
insulation on conductors and motor windings. Solid 
state control devices are particularly receptive to damage 
due to these occurrences. 

Overcurrent Protection for the Controller 

A motor control circuit must be protected from over- 
currents in accordance with Section 430-72. If tapped 
from the load side of the motor branch circuit overcur¬ 
rent protective device, the circuit is not considered to 
be a separate branch circuit. It may be protected by a 
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supplementary or the branch circuit overcurrent de¬ 
vice. When the control circuit does not obtain its power 
in this manner. Section 725-12 or 725-35 would apply. 

Maximum ratings for conductor protection is given 
in Table 430-72(b). Section 430-72(c) sets the condi¬ 
tions for protection of the circuit when a control 
transformer is used. 

Grounding 

Motors, related equipment, and conductors will con¬ 
form to the general requirements for grounding as 
provided in the NEC, Article 250 and Article 430, Part 
L. The primary purpose is to prevent accidental volt¬ 
ages above ground on frames and enclosures which 
may be hazardous to the health of personnel. A second 
purpose is to provide a complete circuit so that the 
overcurrent device will interrupt power to the equip¬ 
ment in the case of an accidental short to ground. 
Under certain conditions, isolation, guarding, or insu¬ 
lation are exceptions used in place of grounding re¬ 
quirements. Under the following conditions, frames of 
stationary motors shall be grounded 

1. When supplied by metal enclosed wiring. 

2. In wet locations when not isolated or guarded. 

3. In hazardous locations as defined in Articles 
500 through 517. 

4. When any terminal on the motor is above 150 
volts. 

Controller enclosures shall be grounded regardless 
of the level of the voltage. The only exceptions to this 
are in the cases of controller enclosures which are part 
of ungrounded portable equipment, and lined covers 
used with snap switches. 

Portable motors that operate over 150 volts to 
ground shall be either guarded or grounded. The ground¬ 
ing conductor shall be either green or green with 
yellow stripes. 

Many of the portable tools under 150 volts to 
ground are encased in double insulation to prevent 
accidental shock and do not require grounding. There 
are many others, however, produced with metal frames 
which do require the frame to be grounded. These are 
often equipped with the three-wire plug with the round 
connector being attached to the grounding conductor. 
When these are plugged into three-wire receptacles, 
grounding is automatically effected. 

There are many two-wire receptacles still in use, 
and these can present a problem for the three-wire plug 
on the tool. Adapters with provisions for completing 


the ground circuit may be used with receptacles which 
have only two connections. The adapter’s green lead 
must be grounded. The grounding prong on the plug 
must never be broken off merely to accommodate a 
two-wire receptacle. This is a very dangerous practice 
which results in several deaths by electrocution each 
year. 

Overcurrent Protection 

Overcurrent and overload protection are required for 
circuits that serve motors. Overcurrent protection is 
provided by fuses and circuit breakers that are installed 
in series with the ungrounded conductors to protect 
against short circuits and ground faults. These devices 
must be sized to protect the circuit conductors, while at 
the same time they must not open with the inrush of the 
starting currents. 

Single-element, nontime-delay fuses or instantane¬ 
ous circuit breakers do not protect the motor or its 
circuits from a continuous overload. A separate de¬ 
vice, such as a thermal overload relay, is used to 
provide for overload protection. Exceptions to this are 
the dual-element fuse or the inverse time circuit breaker. 
They will provide protection for both overcurrent and 
overload when the recommended multiples of FLC are 
applied. Even when these types of overcurrent protec¬ 
tion are used, they may serve as a backup to other 
means of overload protection. 

Figure 9-15 provides a diagram for determining the 
size of fuses to provide short-circuit and ground fault 
protection for motors and other loads. The diagram 
provides general guidelines as specified by Bussman 
for selecting ampere ratings for fuses for the most 
common circuits. Specific applications may require 
different fusing levels, and the NEC is to be consulted 
in these cases. 

Table 430-152 of the NEC gives the actual mul¬ 
tiples of FLC for the maximum rating of motor branch 
circuit short-circuit and ground-fault protection de¬ 
vices. This table includes the multiples for nontime- 
deiay and time-delay fuses as well as instantaneous 
trip and inverse time circuit breakers. 

The percentages given in Table 430-152 are to be 
used when the motor will start without interrupting the 
overcurrent device for the each type of motor. Where 
greater currents are required to start the motor, the 
NEC in Sections430-52through 430-54 allows greater 
percentages as multipliers. These include 

1, When nontime delay fuses are used that do not 
exceed 600 A, the percentage may be in¬ 
creased to 400%. 



Figure ^15. Overload and overcurrent protection for motors and other loads. 
{Courtesy Bussman Division, McGraw Edison Co.) 

229 



squirrel cage and all DC and wound rot( 

“150% for code letler "A". AC wound ro 

to a standard rating, the larger size is nc 



Main Branch a 
Feeder Circuits 
(601-6000 A) 



Backup Overload 
w/Motor Starter & 
Short-Circuit 
Protection. 


Short-Circuit Only. 


Short-Circuit Only. 


Compare the mtnimun, melting time current- 
characteristics of the fuses with the time- 
current characteristics of the overload 
relay curve. The size fuse which is selected 
should be such that short-circuit protection 
is provided by the controller overload relays. 


115% of motor FLC or next size smaller. 


125% of motor FLC or next size smaller. 


115% of motor FLC or next size greater. 


125% of motor FLC or next size greater. 


175%“ of motor FLC or next size larger, 
(if this will not allow motor to start, fuse 
may be sized up to 225% of next size 
smaller.) 


Max. of 300% of motor FLC or next size 
smaller, (if this will not allow motor to 
start, fuses through 600 A may be sized up 
to 400% of next size smaller.) 



100% of noncontinous load plus 125% of continous load. 



150% of the FLC of largest motor plus the sum of ail FLC for all other 
motors plus 100% of noncontinous, nonmotor load plus 125% of continous. 
nonmotor load. *A max. ol 175% is allowed for all but code letter "A" and 
AC wound rotor & DC motors. 


150% of the FLC of largest motor plus the sum for all other motors. 

•A max. of 175% is allowed for all but code letter "A" and AC-wound rotor 
and all DC motors. 


150% to 226% Of FLC of largest motor plus 100% of FLC of all motors plus 
125% of continous nonmotor load plus 100% of noncontinous nonmotor 
load. 
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2. Time-delay fuses may have their values 
increased to 225% of the FLC. 

3. Current ratings for instantaneous trip circuit 
values may be increased to 1300% of FLC. 

4. Ratings for inverse-time circuit breakers can 
be increased to 400% of FLC up to 100 
amperes. If greater than 100 amperes, the 
ratings can be increased to 300% maximum. 

Overcurrent protection at the higher values in each 
case may not exceed the value calculated using the 
higher multiple. The next smallest standard fuse shall 
be selected. 

Nontime-delay fuses detect shorts in the circuit. 
They operate on thermal principles and will usually 
hold 500% of their rated current for about one-quarter 
of a second. Some of these fuses are designed to hold 
this level of current up to 2 seconds. The motor must 
start and reach its running speed within this time 
interval when nontime-delay fuses are used for over- 
current protection. 

Time-delay fuses are the dual-element type with 
thermal and instantaneous trip features. These fuses 
hold 500% of their rating for 10 seconds. This amount 
of time will allow almost any motor to start and reach 
its running speed within this interval. 

Instantaneous trip circuit breakers respond to short- 
circuit currents, ground faults, and locked-rotor cur¬ 
rents. Some of these devices have adjustable current 
ratings. These breakers will trip at about three times 
their ratings on the low setting and at ten times the 
value on the high setting. They are designed to hold the 
starting current of a motor. In compliance with Section 
430-52, they shall not be set at more than 1300% of the 
FLC of the motor. 

If the motor will start and run up to speed, the 
maximum setting is 700% of FLC as required by Table 
430-152. Always set the ampere rating as low as 
possible for the motor to perform properly. Instantane¬ 
ous trip circuit breakers do not provide for overload, 
and separate overload protection shall be provided. 

The inverse time circuit breaker responds both to 
overcurrent and overload problems. It has both ther¬ 
mal and magnetic elements to remove power from the 
motor if either of these problems is present. Heat 
buildup will be detected by the thermal element, and 
short circuits or ground faults will be detected by the 
magnetic action of the breaker. The inverse time 
circuit breaker will maintain 300% of the load for 
variable intervals from 4 to 40 seconds depending on 


the level of the current setting and the voltage applied 
to the circuit. This type is die breaker of choice in 
industry today. 

Figure 9-16 depicts a distribution system with sev¬ 
eral different motor loads as well as other types of 
loads found in a typical plant. This diagram illustrates 
some examples for the calculations of fuse and circuit 
breaker sizing for the different combination of loads 
under different circumstances. 

Problem 1 —What size time-delay fuse is required 
for the 200-horsepower, 230-volt, three-phase, 
squirrel cage induction motor that is supplied by 
fuse No. 2? 

1. Determine the FLC from Table 430-150 

(480 A). 

2. Determine the multiplier for the FLC from 
Table 430-152 (150%). 

3. Multiply 1.5 by 480 amperes (720 A). 

4. Look up the standard size fuses in Section 
240-6. The standard sizes found in this range 
are 700 and 800 amperes. Exception No. 1 of 
430-52 allows the larger value of 300 amperes. 

If the motor will not start without blowing the 800- 
ampere fuse, what is the maximum ampere rating 
allowed for the fuse? 

Exception 2(d) of 430-52 allows up to but not to 
exceed 300% of the FLC for fuses in the range of 601 
to 6000 amperes. 

1. Multiply 3.(X) by 480 amperes (1440 A). 

2. Determine the standard size fuse from the list 
in 240-6. Standard sizes close to 1440 amperes 
are 1200 and 1600 amperes. Because the code 
allows up to 300% of FLC, the smaller value 
must be selected (12(X) A). 

Problem 2 —In Figure 9-16, if the continuous load is 
225 amperes, and the noncontinuous load is 75 am¬ 
peres, what sizes of nontime-delay fuses are needed for 
louses 3,9, and 10? 

Fuse size for the continuous load must be at least 
125% of the continuous load. For noncontinuous loads, 
the fuse size must be a minimum of 100% of the load. 
In each case, the fuse may be larger than that which is 
calculated. At the same time, it must be small enough 
to protect the conductors of the circuit 
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1. Multiply 1.25 by 225 amperes to determine the 
size for fuse No. 9 for the continuous load 
(281.25 A). The standard size fuse is 300 am¬ 
peres. 

2. Multiply 1.00 by 75 amperes to determine the 
size for fuse No. 10 (75 A). The standard size 
fuse is 80 amperes. 

3. To determine the size of the fuse in the feeder, 
add the results of the calculations in steps 1 
and 2 (281.25 A + 75 A = 356.25 A). The 


standard size nontime-delay fuse is 400 
amperes for the feeder supplied by fuse No. 3. 

Problem 3 —^The motor supplied by fuse No. 6 is a 
10-horsepower, 230-volt, tlnee-phase motor with a 
service factor of 1.15. The fuse is a dual-element, 
time-delay fuse. What is the ampere rating of the 
fuse? 

The motor has both overcurrent and overload pro¬ 
tection with backup overload protection by the dual- 
element fuse. The steps to determine the fuse size are 


231 





Motors 9 


1. Determine the FLC of the motor from Table 
430-150 (28 A). 

2. Multiply 28 A by 1.25 (35 A). 

3. Look up the standard size fuse in Section 240- 
6 (35 A). 

Problem 4 —Fuse 7 feeds a 50-horsepower, 230-volt, 
three-phase, synchronous-type motor. The fuse is to be 
replaced with an inverse time circuit breaker that will 
provide overcurrent protection only. What is the maxi- 
mum size circuit breaker allowed? 

1. Determine the FLC for Table 430-150 (104 A). 

2. Table 430-152 provides a maximum value of 
250%. Exception c of Table 430-52 allows up 
to 400% of FLC for circuits under 100 
amperes, and 300% for circuits over 100 am¬ 
peres. A notation under Table 430-152 limits 
the maximum value to 200% under certain 
conditions. Because the maximum size circuit 
breaker allowed was requested in this problem, 
multiply 104 A X 3.00 = 312 A. 

3. Consult Section 240-6 for the standard size 
circuit breaker that is closest to but does not 
exceed 312 amperes (300 A). 

Problem 5 —Fuse 8 is a nontime-delay fuse that feeds 
a 5-horsepower, 230-volt, three-phase induction-type 
motor with Code Letter A. What is the ampere rating of 
the fuse? 

1. Determine FLC for Table 430-150 (15.2 A). 

2. Table 430-152 limits the multiplier to 150% 
for Code Letter A. Multiply 1.5 X 15.2 
(22.8 A). 

3. Look up the standard size fuse in Section 
240-6. Exception 1 of 430-52 allows the next 
higher standard rating for the fuse (25 A). 

Problem 6 —^Determine the size of dual-element, time- 
delay fuse for the all motor load (Fuse 4). Section 430- 
62(a) is applicable for this purpose. 

1. Determine the highest rated overcurrent device 
used with the three motors in this problem 
(300 A). 

2. Add the FLC of the other two motors to this 
value. 300 A + 15.2 A + 28 A (343.2 A). 


3. The standard size fuse must be equal to or the 
next lowest value. Fuse 4 would be rated at 
300 amperes. 

The ampere rating of the fuse must not exceed a 
value that will not protect the feeder conductors. The 
recommendation in Figure 9-15 is to set the fuse rating 
at 150% of the FLC of the largest motor plus the sum 
of the FLC of the other motor loads. When the conduc¬ 
tors are capable of carrying larger loads in anticipation 
of changes or for future additions, the fuse may be set 
at the higher value. 

Problem 7—What would the size of fuse No. 12 be 
using a dual-element, time-delay fuse to protect a 
motor rated at 5 horsepower, 115 volts, single-phase? 
The nameplate on the motor indicates it has a service 
factor of 1.15 with a Code C, and an FLC of 50 
amperes. 

Given these values and conditions, the fuse must 
provide both short-circuit, ground-fault, and overload 
protection. Section 430-32 requires continuous-duty 
motors of more than 1 horsepower to have overload 
protection. 

1. The FLC given on the nameplate of the motor 
is used for this calculation (50 A). 

2. Determine the multiplier from Section 430-32 
(125%). 

3. Multiply 1.25 X 50 A (62.5 A). 

4. Find the standard fuse rating in Section 240-6. 
Because the next size smaller must be used, a 
60-ampere fuse is selected. 

Problem 8 —^Determine the size of an inverse time 
circuit breaker to replace fuse No. 14. The motor is a 2- 
horsepower, 115-volt, single-phase machine. It has a 
service factor of 1.0 with a Code F. The nameplate 
indicates it is thermal protected with an FLC of 17 
amperes. The motor will not start using the 115% 
multiple recommended for overcurrent and overload 
protection with backup. The breaker will provide only 
overcurrent protection. 

1. Find the FLC from Table 430-148 (24 A). 

2. Find the multiplier from Table 430-152 
(250%). 

3. Multiply 24 A X 2.50 (60 A). 
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4. Determine the Standard size of the next 
smallest rated circuit breaker from Section 
240-6 (60 A). 

Problem 9—What would the ampere rating be for fuse 
No. 5 which feeds the combination motor and nonmo¬ 
tor load? 

Use the following steps to solve this problem. 

1. Multiply 150% times the FLC of the largest 
motor. The 5-horsepower motor has an FLC of 
56 amperes as per Table 430-148 (1.5 X 56 A 
= 84 A). 

2. To this value, add the FLC of the other motor 
(84 + 24A= 108 A). 

3. To this number add 125% of the nonmotor, 
continuous load (125% X 100 A + 108 A 

= 243 A). 

4. Find the next lowest value of the standard size 
fuse in Section 240-6 (225 A). 

Problem Id —^Determine the ampere rating for the 
overcurrent protection for the main, fuse No. 1. 

The primary purpose of the main fuse is to protect 
the conductors supplying power to the system from 
overcurrents. It may have a higher rating than the 
calculated load if the conductors have the capacity to 
supply higher currents for additional loads. Articles 
210 and 220 of the NEC are applicable for the nonmo¬ 
tor loads and Section430-62for the motor loads. Using 
this information, the steps in calculating the current 
rating for the fuse are 

1. Multiply the continuous nonmotor load by 
125% (1.25 X 325 A = 406.25 A). 

2. Add to this value the noncontinuous nonmotor 
load (75 A + 406.25 A = 481.25 A). 

3. The ampere rating of the largest motor fuse is 
then added to the total of the nonmotor loads 
(800 A + 481.25 A = 1281.25 A). 

4. To this value add the FLCs of all the other 
motors(1281.25A+28A+ 130 A + 15.2A + 
56 A+24 A = 1510.45 A). 

5. Section 240-6 shows standard values of 1200 
and 1600 amperes. The 1600-ampere value is 
permitted if the conductors can carry the load. 

Bussman recommends that the overcurrent protec¬ 
tion for the main be a factor of 150% times the FLC of 


the largest motor when using dual-element, time-delay 
fuses. If nontime-delay fuses are used, the multiple 
factor is 300%. The factors for the other loads remain 
the same. 

In the first case (1.5 X 480 A = 720 A), the total 
calculated above would be reduced by 80 amperes. 
The total current would then be 1430.45 amperes. 
Using these calculations would not have changed the 
value of the main fuse. 

For the nontime-delay fuse (3 X 480 A = 1440 A), 
our calculated value would be increased by 640 am¬ 
peres. This gives a value of 2150.25 amperes. The 
standard fuse sizes are 2000 and 2500 amperes in this 
range. 

From the calculations and previous discussions on 
overcurrent devices, it becomes an obvious necessity 
to consult the NEC when installing and wiring any 
motor. Circumstances vary for each case, and it is 
unlikely that most electricians will memorize all the 
rules and tables necessary to correctly wire a motor. In 
any case, the various values may undergo changes in 
future editions of the NEC. 

Although the interrupting capacity of the fuses and 
circuit breakers were not discussed in this section of 
the text, this value must also be included in your 
decision for selecting the proper fuse or circuit brewer 
for any given circuit. A review of this feature about 
fuses may be necessary. The information is in Chapter 
3 of this book and available from manufacturers of 
overcurrent protective devices. 

Putting the Motor into Operation 

Before energizing a motor for the first time, or in the 
event the motor has been idle for a long interval, it is 
advisable to check the motor’s insulation resistance. 
These procedures were outlined earlier in this chapter 
and in Part I of this text 

Make sure all power is removed from the machine 
for these tests. Windings must first be grounded to 
remove any residual electrostatic charge. Failure to do 
this may result in personal injury. Dry the motor if the 
resistance measures on the low side. Follow the proce¬ 
dures previously outlined. 

Drain oil reservoirs and fill with fresh oil. Reser¬ 
voirs may have been filled above the recommended 
level when the motor was put in storage. Use the 
specifications for oil viscosity, grade, and weight pro¬ 
vided on the lubrication nameplate. Check the tight¬ 
ness of the filler caps and drain plugs. Look for oil 
leaks. 
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When possible, check the interior of the motor for 
any foreign matter that may have collected in it during 
storage or installation. Turn the rotor. Check for free¬ 
dom of movement. Note any unusual force necessary 
to turn it Listen for unusual noises. 

If possible, turn the mechanical load by hand also. 
The load should be free to turn without undue force or 
unusual noise. Motor and load must be aligned for the 
type of coupling used. 

Check the ventilation system to assure its proper 
operation. If the motor has provisions for water or oil 
cooling, measure the flow and temperature of the 
coolant Measure the ambient temperature if the area 
appears to be too warm. Be sure ventilation holes are 
not blocked and there is a free flow of air to and around 
the motor. 

Measure the voltage of the power supply. It should 
be within 10% of the motor’s rated voltage. Three- 
phase voltages should be balanced. Measure each 
phase to ground for the wye-connected system. Meas¬ 
ure voltages between all three phases. If the voltages of 
the power supply are unbalanced, the deficiency must 
be corrected before applying power to the motor. 

Use the wiring diagram to confirm proper connec¬ 
tion of the motor. This is a good time to check all 
accessible connections made by the manufacturer and 
those made during the installation of the motor. 

Without applying power to the motor, check the 
control circuit for proper operation. Observe the proper 
sequence of functions and the timing of the operations. 
Operate pilot devices to determine if they are func¬ 
tional. Check the various features of the controller 
such as reduced voltage starting, reversing, plugging, 
or breaking. 

After p^forming the above tests and checks, you 
are ready to apply power to the motor. If possible, on 
the initial start, run the motor without its load. Note 
any unusual noises or vibrations. When the load is 
connected to the motor, it may mask the motor noise. 

Note if the shaft of the motor is turning in the 
prescribed direction. Some loads may be damaged if 
they require a particular direction of rotation. Take 
corrective action if any of these deficiencies are found. 

Measure line voltage and the current drawn by the 
motor. Take these readings for each setting of multi¬ 
speed motors. Voltage should be within 10% of the 
motor’s rating, and current on a three-phase system 
should be balanced. Compare these values to the 
motor’s ratings. If abnormal readings are obtained, 
stop the motor and correct the problem. 


Test the various functions that the motor must 
perform through thecontrollCTCommands. Operate the 
pilot devices diat send information to the controller. 
Note the motor’s operation in response to each of these 
commands. 

In the event of excessive vibration or unusual noise, 
stop the motor immediately. Check the motor mount¬ 
ing for tightness. Listen carefully as you turn the motor 
by hand. Noises coming from the motor can be ampli¬ 
fied by putting your ear to the handle of a plastic 
screwdriv^ and placing the metal tip against the 
bearing housing. Check the shaft of the motor for 
proper end-play. Correct the problem before placing 
the load on the motor. 

After these tests have been completed, couple the 
load to the motor. Check for proper alignment again. 
This is particularly true if you have taken corrective 
action to eliminate vibration on the unloaded motor. 

Follow the regular procedure for starting the motor. 
If it is possible to initially operate under reduced load, 
do so. Observe any unusual noises, vibrations, or hot 
spots on the motor. If the motor has space heaters, be 
sure they are not powered during normal operation of 
the motor. Increase the load in increments and make 
your observations at each level of increasing load until 
the full load has been applied. Check the motor under 
full load for at least 1 hour. 

Test the electrical characteristics of the power sys¬ 
tem under the full-load condition. Line voltage should 
be balanced and within 10% of the motor’s rated 
voltage while the motor is being run under these 
conditions. Line current must not exceed the FLC on 
the nameplate times the service factor when the motor 
under continuous load. 

Check for temperature rise and hot spots on the 
motor. Do not depend on the sense of touch to deter¬ 
mine if excessive temperatures are present. Use the 
motor’s measuring devices such as the outputs of 
RTDs and thermocouples if the motor is so equipped. 
Otherwise use a thermometer to take the readings. 

If there are any questions about the levels of tem¬ 
perature at any point on the motor, take the motor out 
of operation. Determine if the operating temperatures 
are within the tolerance of the motor. Heat is still the 
most destructive factor to any electrical component or 
apparatus. It is estimated that a 10®C rise above maxi¬ 
mum operating temperature of a motor will reduce the 
motor’s life by one-half. 

In the event the cause of the temperature rise cannot 
be determined, call the manufacturer’s representative. 
Be prepared to give the full information on the name- 
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plate of the motor. The level of heat may be normal. If 
not, the representative of the company will be more 
familiar with the various causes. 

Overheating may be caused by the way the motor is 
operated. Repeated starts and stops for jogging or 
inching cause motor temperature to rise. Improper 
ventilation or a high ambient temperature are common 
factors. Excessive dirt, oil, or grease on the motor 
housing and cooling Hns may prevent the heat from 
escaping from the motor. Unbalanced line voltage and 
current, low or high voltage, high current, or in the case 
of a variable-speed motor, harmonics in the power 
supply can cause excessive temperatures. High tem¬ 
peratures will also be caused by mechanical binding 
due to bad bearings, improper alignment between 
motor and load, or excessive load. 

On large, sophisticated motor systems, instrumen¬ 
tation is usually available on the controller panels to 
provide the various items of information for determin¬ 
ing if a motor is running within the correct parameters. 
Voltages, currents, and temperatures at various points 
of the motor can be read directly from the panel. The 
panel may also indicate which pilot devices are opera¬ 
tive. RPM and direction of rotation can also be given 
along with several other measurements such as kVA, 
kilowatts (kW), and power factor. 

For the majority of motors, however, little or no 
instrumentation will be included. The electrician will 
need to supply the necessary meters and temperature 
measuring devices to make the readings. 

S tart the motor’s record card during this initial start¬ 
up procedure. Record all pertinent data for future 
maintenance and repairs of the motor. This informa¬ 
tion is also important in preventing motor failure by 
detecting abnormalities and correcting them before 
damage occurs. The equipment information card should 
be kept up to date over the life of the motor. 

Power Factor Correction 

When the source supplies power to a load that is not 
purely resistive, the current and the voltage will be out 
of phase with each other. In the case of motor loads, the 
current will lag the voltage due to the inductive nature 
of the machine. This results in the kVA supplied by the 
power source being greater than the kW consumed by 
the load. The difference between the two is sometimes 
referred to as “wattless” power. 


Definition 

Power factor is defined as the ratio of watts to volt- 
amperes. This is expressed mathematically as 

Power Factor = WattsA^olt-Amperes 

This ratio corresponds to the trigonometric function of 
the cosine of Theta (0). (Values of the trigonometric 
functions are given in Appendix B.) Theta is the angle 
between the adjacent side of the triangle and the 
hypotenuse (Figure 9-17). Power factor is the cosine 
of the angle. 

Power Factor = Cosine 0 

Power factor is a numerical reference to the electri¬ 
cal efficiency of the circuit. The range can be from 0 to 
1, or from 0% to 1(X)%. 

It can be seen as the kilo-volt-amperes-reactive 
(kVAR) gets larger in respect to the kW of the circuit, 
more kVA must be supplied for the magnetizing force 
of the inductor. This condition is known as poor or low 
power factor. As the angle becomes larger and larger 
and approaches 90®, the power factor becomes smaller 
and smaller and approaches zero. At this point, the 
circuit would act totally inductive, and no real power 
would be consumed. The cosine of 90® is equal to zero. 

As the kVAR is reduced, the angle becomes smaller. 
The power factor increases until it equals unity, 100% 
at zero degrees. At this point, the circuit is purely 
resistive. The true power consumed will be maximum 
and equal to the kVA. 

True power dissipated in a circuit can be calculated 
by the following formula. 

kW = kVAXPF 

Cause of Low Power Factor 

Motors operating at less than their full load are the 
primary cause for a plant to have a poor power factor. 
Typically, motors that drive such machines as saws, 
grinders, and presses do not have continuous loads on 
them. This results in a high magnetizing current when 
these machines are unloaded with power factors in the 
range of 30-50%. 

One solution is to keep the machines fully loaded at 
all times. This is not practical in many industries and 
for certain processes such as plastics, rolling mills, 
chemical processing, foundries, and granaries. Inter¬ 
mittent or cycle process is required. To keep the motor 
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loaded would merely consume power without receiv¬ 
ing useful work in return. 

Power IViangle 

Figure 9-17 shows the impedance, voltage, and power 
triangles for an inductive circuit. The current flow 
through the resistance of the circuit is in phase with the 
voltage dropped across it This condition is set as the 
reference point of the circuit at zero degrees. The 
current flow through the inductance lags the voltage 
across the inductance by 90®. The vector sums of the 
voltage across the resistor and the voltage across the 
inductor equal the source voltage. 



Figure 9-17, Impedance, voltage, and power triangles 
for an inductive circuit. 

Multiplying the individual parts of the impedance 
triangle by the current (I) will give the values for the 
voltage triangle. I X R = Er J X Xl = and I X Z = 
or the source voltage. Multiplying the values in 
the voltage triangle by I, or multiplying the values in the 


impedance triangle by 1- will give the values in the 
power triangle. 

The true power dissipated by the resistance of the 
circuit is given in watts. The “wattless” power of the 
inductor is in volt-amperes-reactive (VARs). Power 
supplied by the source, apparent power, is measured in 
volt-amperes (VA). Dividing the values in the power 
triangle by 1000 will change the units to kW, kVAR, 
andkVA. 

Cost of Poor Power Factor 

Poor power factor equates to poor efficiency, and poor 
efficiency translates to higher costs. Many utility 
companies penalize the customer that has a poor power 
factor. Even though the total kVA is not used by the 
customer, the utility must have the capacity to deliver 
the full amount. This is the reason that transform^s are 
rated in kVA rather than kW. 

Some utilities bill the customer for the full kVA 
delivered to the plant. This can be very costly for the 
customer. Suppose a utility charges $5.15 per kVA 
demand. The customer has a 1000kVA demand, at480 
V, three-phase, with a power factor of 80%. The 
electric bill would be equal to 

$5.15/kVA X 1000 kVA = $5150 
But the customer is using only 800 kW of true power. 

800 kW= 1000 kVAX 0.80 

If the power factor was corrected to 100%, then only 
800 kVA would be necessary to power the plant. The 
cost for 800 kVA would equal 

$5.15/kVA X 800 kVA = $4120 

The power factor correction results in a savings of 
$1030. Without power factor correction, 20% of the 
cost of power is going for “wattless” power with no 
useful work being done for the customer. 

Other utility companies collect a penalty for poor 
factor based on the kVAR demand. This is done in 
conjunction with the kW demand. The utility will 
provide a waiver up to some percentage of the kW 
demand before charging for the kVAR. For example, 
there may be a 40-cent charge per kVAR in excess of 
35% of the kW demand. A plant using 100 kW would 
be charged 49 cents per kVAR over 35 kVAR. With 
poor power factor this can also become very expen¬ 
sive. 
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Most utilities that charge for poor factor will bill for 
the kW used with an adjustment f(x poor pow^ factor. 
For example, the utility may not penalize the plant if 
the power factor is 90%. If the power factor falls below 
this value, a multiplier is applied to the kW billing 
based on how much below the allowable power factor. 

Using our previous example whctc the plant is 
using 800 kW at $5.15 per kVA with apower factor of 
80%, the total bill to the plant would be multiplied by 
the factor 

Poor PF Multiplier = Allowed PF/Actual PF 
1.125 = 90%/80% 

Therefore the bill would be calculated as follows: 

Total Power Cost = Cost/kW X kW X Multiplier 
$4635 = $5.15/kW X 800 kW X 1.125 

Savings of $515 could be made by bringing the power 
factor to 90%. 

Additional Benefits of High Power Factor 

Besides reducing utility costs, increasing the power 
factor of a plant may provide additional benefits. Some 
of these are 

1. Additional loads can be placed on the present 
system. 

2. The voltage conditions in the plant will be 
improved. 

3. Power losses are reduced. 

Suppose a plant has a 1000 kVA, 3% impedance, 
transformer operating near capacity (Figure 9-18). 
The plant draws 960 kVA at 480 V, three-phase. The 
power factor of the plant is 70%. The true power being 
used by the plant is 

kW = kVAX0.70 
= 960 kVAX0.70 
= 672kW 

The plant wishes to increase production by 30%. 
This would put an additional 201.6 kW load on the 
electrical system. Assuming unity power factor for the 
additional load, the electrical system would have to 
deliver 1161.6 kVA. This is beyond the capacity of the 
system. 


672 kW 



Figure 9-18. Determining the kVAR. 

One solution is to add a new transformer to the 
system. If the power factor remains at 70%, the mini¬ 
mum rating of the transformer would be 

Minimum Transformer Capacity 

= (672 kW + 201.6 kW)/0.70 
= 1248 

The next standard size transformer would most likely 
bel500kVA. 

In addition, the capacity of conductors, switches, 
and overcurrent devices would need to be increased. It 
would not take a lot of calculations to determine that 
this approach would be very expensive. 

By correcting the power factor to unity, there would 
be 328 kW of capacity available instead of the 40 kW 
with a 70% power factor. With 100% power factor, the 
present transformer would provide the needed capac¬ 
ity. Depending on the location of the corrective de¬ 
vices used to raise the power factor, other components 
in the circuit may or may not need an increase or 
decrease in their current carrying capacity. 

Low voltage due to excessive current drawn from 
the transformer can cause the motors to overheat and 
operate inefficiently. By increasing the power factor 
on the present load, the voltage would be increased. 
The percent of voltage rise can be determined by 

(kVAR (Reduced) X %Z) 

^ kVA of Transformer 

The kVAR must first be determined to solve this 
problem (see Figure 9-18). We know that the power 
factor is equal to 70%. This is the cosine of the angle. 
The angle whose cosine is 0.7000 is equal to 45.57®. 
The tangent of 45.57® is equal to 1.02. The tangent of 
an angle is equal to the opposite side (kVAR) divided 
by the adjacent side (kW). Therefore, 
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Tangent 45 . 570 = kW 
® kW 

or 

kVAR = Tangent 45.57^ X kW 
= 1.02 X 672 
= 685.44 

Substituting the kVAR reduction into %VR formula, it 
is determined that 

%VR = 2.05% = (685.44 kVAR X 3%)/1000 kVA 

For a 480-V system with 465-V at the terminals of the 
transformer, this means that the voltage rise at the 
terminals would increase by 

(465 VX 0.0205) 9.53 V 

The terminal voltage of the transformer would now 
equal 474.5 volts: 

474.5 V = 465 V +9.5 V 

Power factor correction will also reduce the losses 
due to the reactive current flowing through the resis¬ 
tance of the circuit. The kW loss is equal to PR. R is 
equal to the resistances of the feeder and branch circuit 
conductors. 

The percent reduction of the losses is equal to 

% Reduction Losses = 

100 -100 (Original PF/New PF)^ 

In the case of the problem above, the PF was corrected 
from 70% to 100%. The losses would be reduced 51%. 

% Reduction Losses = 100 -100 X (70%/100%)^ 

Although the dollars saved by correcting the power 
factor for this purpose is relatively small, the payback 
for the installation to reduce these losses alone can 
usually be accomplished in 3 to 5 years. 

How Power Factor Is Improved 

The previous examples illustrate how inductive loads 
such as motors increase the kVA loading of a circuit in 
respect to the kW actually consumed by the load. By 
adding capacitance in parallel with the load, or by 
using synchronous motors that are over-excited, a 


leading power factor can be created that will cancel the 
lagging currents caused by the inductance. Figure 
9-19 depicts these conditions. 


U 15 A 




-L 
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Figure 9-19. Capacitive current cancels 
inductive cuirenL 


Using the source voltage as the reference, the cur¬ 
rent through the inductor (25 A) will lag the voltage by 
90®. The current through the cs^acitive branch (10 A) 
will lead the applied voltage by 90®. These two cur¬ 
rents are 180® out of phase with each other as shown by 
the vectors and the sine waves. The resultant line 
current (15 A) will be equal to the difference between 
the two currents. Ten amperes will circulate between 
the capacitor and the inductor. 

Measuring Power Factor 

The first step in improving the power factor on a motor 
or in a plant is to determine what the power factor is. 
The power factor may or may not need to be corrected. 
After the motor is put into operation, make the follow¬ 
ing measurements (Figure 9-20). 

1. Power consumed by the circuit 

2. Line voltage 

3. Line current 

Figure 9-20A shows the instrumentation necessary 
to obtain these three measurements on a single-phase 
motor. Some installations may already have die instru- 
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(A) Single phase. 



(B) Three phase. 


Figure 9-20, Deteimining the power factor 
of a circuit. 

mentation necessary to obtain these readings. This 
may even include a power factor meter. 

If not, a combination watt/volt/amp meter is ideal 
for this procedure if one is available. Otherwise, three 
separate meters can be used. 

If clamp-on probes are available for the current 
readings, the circuit will not have to be broken to insert 
the ammeter and the wattmeter in series with the line. 
If not, the simplest place to break the line connection 
is at the overcurrent device. The series winding of the 
wattmeter and the ammeter can be placed in series with 
the fuse for the necessary readings. The wattmeter 
must sample both the current and the voltage and will 
have three leads for this purpose. 

Given the values shown in Figure 9-20A, the kVA 
can be calculated. 

kVA = (V X lyiooo 
5.925 kVA = (237 V X 25 A)/1000 

The wattmeter indicates 3.7 kW of power being con¬ 
sumed by the motor. With this information, the power 
factor can now be calculated. 


Power Factor = kW/kVA 

= 3.7kW/5.925 kVA 
= 62.45% 

Figure 9-20B shows the arrangement necessary to 
determine the power factor for a three-phase motor. A 
single-phase wattmeter can be used for this measure¬ 
ment, but two readings will have to be taken. Usually, 
a three-phase wattmeter will have two meters and will 
be connected as shown. The total power is equal to the 
algebraic sum of the two readings. 

At unity power factor with balanced loads, the two 
readings will be identical and will merely add together. 
If the power factor is 50%, one meter will indicate zero 
watts, and the other will show the full wattage used by 
the circuit. For power factors between 50% and 1(X)%, 
one of the meters will indicate a higher power reading 
than the other. Below 50%, one meter will give a 
negative power reading and the other a positive one. A 
toggle switch on the meter allows the reversal of 
current through the meter with the negative reading so 
that the meter will deflect up-scale. In this case the 
negative power would be subtracted from the positive 
power to obtain the kilowatt reading for the circuit. 

The voltages and currents shown in Figure 9-20 are 
balanced. In the case of unbalanced parameters, the 
values of each can be added together and averaged for 
the calculations. Voltages should not be off more than 
10%. If so, this condition needs to be corrected before 
proceeding with the measurements. 

Using the values given in Figure 9-20B, the kVA of 
the circuit can be determined. For three-phase circuits, 
the multiple of the average voltage and the average 
current must be multiplied by a factor of 1.73, or the 
square root of 3. 

kVA = (V X I X 1.73)/1000 

= 240 V X 40 A X 1.73)/1000 
= 16.61 

The total wattage in the circuit is equal to the 
algebraic sum of the two readings on the wattmeters. 

kW = Wl + W2 
= 7 kW + 5 kW 
= 12 

This information can now be used to determine the 
power factor for the circuit 
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Power Factor = kW/kVA 

= 12 kW/16.61 kVA 
= 72% 

Practical Examples of 
Power Factor Correction 

It is seldom feasible or practical to correct the power 
factor to unity. To do so, in most cases, would result in 
a leading power factor at times. This would increase 
the kVA in respect to the kW just as much as a lagging 
power factor. Neither is desirable. A power factor in 
the range of 95% will provide most of the economic 
advantages of a 100% correction. 

Problem 1 —^Using the values given in Figure 9-20A, 
draw the power triangle for the circuit. What is the 
CkVAR (Capacitance kilovolt ampere reactive) rating 
for the capacitor needed to correct the power factor to 
95%?(See Figure 9~21.) 

3.7 kW 



- 3.7 kW/5.925 kVA 
= 62,45% 

kVAR = tan A X kW 
= 1 25 X 3.7 kW 
= 4 625 

Figure 9-21. Power triangle for Figure 9-20A. 

The steps necessary to solve this problem are 

1. Determine the kVAR for the power factor at 
62.45% at Angle A. 

Cos A = 0.6245 

Using the trigonometric functions, find the angle. The 
angle whose cosine is 0.6245 is 51.35 degrees. The 
tangent of 51.35® is 1.25. The kVAR for Angle A is 
equal to 

kVAR = TanAXkW 
= 1.25 X 3.7 kW 
= 4.625 

2. Determine the kVAR for a power factor of 
95% at Angle B. 


Cos B = 0.95 

The angle whose cosine is 0.95 is equal to 18.19®. Tan 
B is therefore equal to 0.3287. The new kVAR when 
the power factor is corrected to 95% would equal 

kVAR = TanBXkW 

= 0.3287 X 3.7 kW 
= 1.216 

3. To determine the size of the capacitor in 
kVAR, subtract the kVAR of Angle B from 
that of Angle A. 

CkVAR = kVAR(A) - kVAR(B) 

= 4.625-1.216 
= 3.409 

4. From a manufacturer’s chart, select a standard 
size capacitor to correct the power factor. The 
chances are either a 3 or 4 CkVAR will be 
available. 

The manufacturer of the capacitor will usually have 
a table that limits the size of capacitor that should be 
used with a given type of motor design, the horse¬ 
power, and the RPM of the motor. In this case, we will 
assume the maximum value to be 3 CkVAR. 

Problem 2 —^The 3 CkVAR capacitor has been in¬ 
stalled across the motor. What is the new power factor 
of the circuit, and how much line current does the 
motor now draw? 

Use the following steps to solve this problem. 

1. Determine the new kVAR rating of the circuit 
To calculate this value, subtract the CkVAR 
value of the capacitor from the kVAR for the 
original power factor of 62.45%. 

kVAR = 4.625 -3 
= 1.625 

2. Determine the tangent of the new angle (C). 

TanC = kVAR/kW 

C = 1.625/3.7 
= 0.4392 

3. Determine Angle C. Using the trigonometric 
functions, the angle whose tangent is 0.4392 is 
23.71®. 
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4. The cosine of Angle C is equal to the power 
factor. Again use the trigonometric functions 
and find the cosine of the angle. .9156 

5. Calculate the new kVA for the circuit for a 
power factor of 91.56%. 

Cos C = kW/kVA 
kVA= kW/Cos C 
= 3.7 kW/.9156 
= 4.041 

6. The new line current can be found by dividing 
the new kVA by the line voltage. 

I = kVAA^ 

= 4.041 kVA/237 V 
= 17.05 A 

Therefore, the current to the motor has been reduced 
by nearly 8 amperes. 

Problem 3 —What is the value of the 3 CkVAR capaci¬ 
tor in microfarads? 

Use the following steps to solve this problem. 

1. The current through the capacitor branch (I^ is 
equal to 

Ic = CkVAR/V 
= 3000/237 V 
= 12.66 A 

2. Capacitive reactance (X^, would equal 

Xc = Vc /Ic 

= 237 V/12.66 A 
= 18.72 A 

3. Then C would equal 

C=l/(27cfXc) 

= l/(6.28 X 60 X 18.72) 

= 141.7 mF 

Problem 4 —^Draw the power triangle for Figure 9-20B. 
Using these values, determine the CkVAR necessary to 
correct the power factor to 95% (Figure 9-22). 

Solve this problem using the following steps. 

1. Determine the kVAR for the circuit. The 
power factor equals 72%, therefore, Cos A 



- 12 kW/16.61 kVA 
= 72% 

kVAR = tan A X kW 
= .96x12kW 
= 11.52 

Figure 9-22. Power triangle for Figure 9-20B. 

equals 0.7200. Angle A can be determined 
from the trigonometric tables as being 43.94®. 
Tan A equals 0.9638, which is equal to the 
side opposite the angle divided by the adjacent 
side. 

TanA=kVAR/kW 

kVAR = 0.9638 X 12 
=11.57 

2. Calculate the kVAR for a power factor of 95%, 
The angle whose cosine is 0.95 equals 18.19®. 
Therefore, the kVAR at 95% power factor will 
equal 

kVAR = Tan 18.19® XkW 
= 0.3287 X 12 
= 3.944 

3. Subtract the kVAR for 95% power factor from 
the kVAR for 72% power factor to determine 
the amount of CkVAR. 

CkVAR = kVAR(A) - kVAR(B) 

= 11.57-3.944 
= 7.625 

4. Standard size capacitors are available in 7.5 
and 8 CkVAR. In this case, let us use the 8 
CkVAR capacitor. 

Problem 5 —^What is the new power factor for the 
circuit? 

1. Determine how much kVAR remains after the 
circuit is corrected with the 8 CkVAR capaci¬ 
tor. 
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kVAR(C) = kVAR(A) - CkVAR 
= 11.57-8 
= 3.57 

2. Find the new angle. The tangent of Angle C is 
equal to 

TanC = kVAR(C)ykW 
= 3.57/12 
= 0.2975 

The angle whose tangent is 0.2975 is 16.57®. 

3. The cosine of Angle C is the new powa* factor. 
95.8%. 

Problem 6 —^With the power factor corrected to 95.8%, 
how much current does the circuit now draw? 

1. Calculate the new kVA for the circuit. 

CosC = kW/kVA 
kVA=kW/CosC 
= 12/0.958 
= 12.526 

2. We know that the kVA for a three-phase 
circuit is equal to 

kVA = (V X I X 1.73)/1000 
I = (kVA X 1000)/(V X 1.73) 

= 12,526/(240 X 1.73) 

= 30.17 A 

In this case the cuirent in the circuit has been 
reduced by nearly 10 amperes on each of the three- 
phase conductors. 

The k VA of a motor is usually in the range of the kW 
used under full-load conditions. The kW at full load 
can be approximated by the following formula 

kW (Motor Input) = (HP X 0.746)/% Efficiency 

Problem 7 —^What would be the approximate kVA of a 
motor rated at 10 HP with 80% efficiency? 

kVA=(10HPX0.746)/.80 
= 9.325 

Location of Capacitors 

Capacitors used to correct the power factor can be 
applied at the individual loads, on the feeder, or the 


main bus, A combination of placements may also be 
used with capacitors located at all the possible points 
in a given plant. There are advantages and disadvan¬ 
tages to each of these approaches. Figure 9-23 illus¬ 
trates the different possible locations for the capacitors 
to be placed for power factor correction. Capacitors 
located at Points A, B, and C are installed on the load 
side of the circuit 

From an engineering point of view, power factor 
correction at the individual loads is technically the best 
and has the greatest flexibility. This approach has the 
following benefits. 

1. Capacity is on the line only when the load is 
energized. 

2. Separate switches are not required by the code 
when the capacitors are switched with the 
load. 

3. Better power utilization is effected, and the 
motor runs with improved performance due to 
the lack of the voltage drop on the line. 

4. If the motor is relocated, the power factor 
correction goes with it. This provides for 
greater flexibility for moving motors to 
different areas in a plant where they are 
needed. 

5. Because a single load is being corrected, the 
selection of the capacitor can be more precise 
in meeting the requirement for a particular 
motor. 

6. Maximum utilization of plant kVA capacity is 
possible for additional loads which may be 
needed in the future. 

7. The voltage on the motor’s branch circuit will 
increase due to the reduced current through the 
conductors. The branch circuit may be able to 
carry an additional load. 

Capacitors located at Point A reduce the current 
flow through the overloads. It is necessary to change 
the size of the overloads to reflect the reduced current 
flow to the motor. The current demand on the trans¬ 
former and the current flow through the feeder and 
branch circuit is reduced by installing capacitors at this 
point. The original current will flow only on the 
conductors between the capacitors and the motor. 

Article 430-32(a) of the NEC requires maximum 
sizing of overloads to be from 115% to 125% above the 
FLC marked on the nameplate of the motor. When this 
allowance is not sufficient to start the motor. Article 
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Figure 9-23. Location of capacitors for power factor correction. 


430-34 provides for an increase in the value of the 
overload ratings to 130-140% of the FLC. On an 
existing motor installation, the capacitors would be 
located at Point B to take into account the increased 
ratings. 

Capacitors may be installed at Point C, when a 
separate disconnect exists. This point for power factor 
correction shall be used under the following condi¬ 
tions. 

1. When the motor is to be jogged, plugged, or 
reversed 

2. For all multispeed motors 

3. When open transition starts are used 

4. Any time the capacitors are to be momentarily 
disconnected and then connected during the 
cycle. 

It is recommended that Point C also be used with 
motors which have a high inertia and require a long 
period of time before stopping. With capacitors con¬ 
nected across the motor under these conditions, the 
motor may become a self-excited generator and cause 
motor damage due to excessive currents. 

When the capacitors are connected at Point C, they 
will remain in the circuit even if the motor is off unless 
the disconnect is opened. As long as the capacitor re¬ 
mains on the line, it will provide power factor correc¬ 
tion for the total system. Overcorrection is possible 
underthisconditiondependingonthesizeofthecapac- 
itors, capacity of the plant, and the overall power factor 
condition. 


Capacitors installed at Point D have some advan¬ 
tages over installation at the load. These are 

1. Larger capacitors can be used reducing the 
cost per CkVAR over installations at the indi¬ 
vidual motors. 

2. Total labor and material costs are generally 
lower. 

3. Power factor is corrected for the total plant 
and charges for low power factor are reduced 
or eliminated. 

4. Power factor correction is easier to maintain 
under different operating conditions. 

If the capacitors are connected on the main bus or a 
feeder, a fused safety switch or breaker shall be used to 
disconnect the capacitor bank and to protect against 
overcurrents. The NEC requires the switch to have a 
capacity of 135% of the current rating of the capaci¬ 
tors. Manufacturers generally recommend 165% for 
the current rating of the disconnect. 

The code also requires that the capacitors be fused 
at as low a value as is possible. This is usually in the 
range of 150% to 175% of the current rating of the 
capacitors. Molded case circuit breakers are in the 
same range. 

Even though the NEC permits capacitors to be 
protected by the motor’s overcurrent devices when 
they are installed at Points A, B, and C, it is recom¬ 
mended that they still be fused. This is particularly 
desirable when the capacitors are installed indoors and 
personnel are working around them. In the event of 
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high leakage current, they can oveiiieat and explode. 
Because many of these capacitors contain liquids such 
as oil, an accident may cause severe bums or death. 

Capacitance is defined in electrical woik as the 
ability to hold a charge. A capacitor can hold a charge 
for a long period of time. In order to protect personnel 
who may work on them, the NEC specifies a specific 
amount of time for the capacitor to discharge. For 
capacitors 600 volts or under, the charge must be 
reduced to less than 50 volts within 1 minute afta: de¬ 
energizing. For values over 600 volts, 5 minutes is 
allowed for the capacitor to discharge to 50 volts or 
less. The capacitor *s nameplate must state if it contains 
discharge resistors. The smart electrician will use a 
discharge rod to ground each hot terminal before 
beginning work on a capacitor that has the power 
disconnected. 

If the capacitors are to remain on the line, check the 
system to assure that a leading power factor is not 
introduced. Some utility companies charge for leading 
power factor as well as for lagging power factor. Other 
utilities that do not charge for low power factor do not 
want capacitors on the line. When a leading power 
factor is introduced due to the capacitors, they may 
cause some line disturbance for other customers and 
interfere with their operations. 

When capacitors are selected for permanent con¬ 
nection to the line, the CkVAR rating of the capacitors 
should not exceed 25% of the kVA rating for the plant. 
This will help prevent line interference, and the likeli¬ 
hood of harmonic resonance will be lowered. Odd 
harmonics cause the most problems and should be 
avoided. The manufacturer’s representative will pro¬ 
vide guidance if this problem arises. The 25% ratio 
will also keep voltage spikes to an acceptable level. 

Automatically switched capacitor banks are be¬ 
coming common in the industry. These devices switch 
50 to 60 CkVAR on and off the line as the power factor 
of the plant varies. This limits the undesirable effects 
of excessive correction when the load is light and 
makes the utility company h^py. The cost, however, 
is higher than that of a fixed bank of capacitors that are 
not switched. 

Comments on Control 

A complete study of motor controllers is beyond the 
scope of this text. I would be remiss in not mentioning 
the importance for the electrician of understanding this 
part of the motor circuit. Without a good working 
knowledge of control work, the electrician will be ill 


prepared for working on motors. It is an important 
topic that needs further study by the electrician who 
wishes to stay informed and up to date with the 
industry. 

The continued growth in the complexity of motor 
control circuits is advancing on almost a daily basis. 
Not long ago, numerical control was hailed as the 
ultimate in motor control. We are now witnessing an 
increased usage of solid state devices which use digital 
logic in these control mechanisms. At first, discrete 
components such as transistors were introduced for 
these purposes. These individual compcments are swiftly 
giving way to integrated circuits. The integrated cir¬ 
cuit may have hundreds of transistors with related 
circuit components to be used as switches. Yet, all 
these parts are contained in a chip no larger than the 
size of a thumbnail. 

In the mid-1950s, while at the University of Illinois, 
I was privileged to hear Norbert Wiener, the father of 
cybernetics. Dr. Wiener, who died in 1964, was a 
mathematician and logician. He had a major role in 
developing the high-speed computer. He received his 
bachelor’s degree from Tufts University at the age of 
14. He received his first doctorate from Harvard Uni¬ 
versity at age 18. 

Dr. Wiener had completed university requirements 
for doctorate studies in several fields. I do not recall 
exactly the areas or number, but I believe they included 
work in the areas of mathematics, electrical engineer¬ 
ing, chemistry, physics, and medicine. 

Dr. Wiener coined the term “cybernetics” and used 
it as a title of one of his books which was published in 
1948. Cybernetics is a branch of science that combines 
the fields of study of communications and the mechan¬ 
ics of devices that perform work. 

A major part of Dr. Wiener’s research was with 
feedback of information from the load to the controller 
to enhance the adjustments of the mechanisms. He 
proposed the combined study of communications and 
control under the discipline cybernetics. 

In general, workers in the two fields had little or no 
knowledge of the other. An ultimate objective was the 
marriage of the fully automatic plant with the com¬ 
puter. Robotics used in manufacturing is an outcome of 
Dr. Wiener’s research. 

Computers in the 1940s and in the early and mid 50s 
mostly used vacuum tubes. (The transistor was in¬ 
vented in 1947.) They were large, cumbersome, and 
used considerable electrical power. Dr. Wiener’s topic 
on the day I heard him speak was the biological 
computer. Dr. Wiener noted that the internal control 
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and communications system within the human being 
were similar to what we attempt in a very primitive 
way with machines. For example, most humans can 
pick up an egg without breaking it For a machine to 
perform the same function, the same process becomes 
very complex. 

Dr. Wiener suggested that if the human brain could 
be kept biologically alive after the death of a person, it 
might be possible to use it as a biological computer that 
could store information, analyze it, and send control 
signals to mechanical devices to effect desired changes. 

This is what the human operator of any machine 
does in a routine fashion. The human brain used as the 
control unit of a computer would be much smaller and 
more powerful than any computer in existence at that 
time or possible in the foreseeable future. 

After Dr. Wiener’s introductory remarks, I must 
admit that I understood very little of what he had to say. 
He was attempting to explain to us his mathematical 
system of probability which could predict the signal 
output from the human brain when it was given a 
single, DC input pulse. At the end of his lecture Dr. 
Wiener asked, “Gentlemen, do you know what the 
probability is of predicting the output of the human 
brain for one simple input?” He went on to answer his 
own question, “Gentlemen, it is 16 factorial (16 X 15 
X 14 ... X 1) raised to the 23 power. Gentlemen, I 
predict there ain’t no such damn number.” 

The biological computer may or may not become a 
reality. But the electronic computer has become a 
reality, and its applications and prevalence continue to 
grow and to affect our everyday lives in many ways. 
The speed and efficiency of computers, and their 
ability to solve very complex problems, are advancing 
daily. In some operations compute already work 
better than the human brain. They can store much more 
information and retrieve that information better. More 
importantly, their outputs are predictable. 

A big push in computer technology today is artifi¬ 
cial human intelligence programs that emulate the 
human brain. Have you overplayed a game of checkers 
or chess against a computer? 

Solid state programmed controllers are good ex¬ 
amples of how industry is making use of cybernetics 
today. These devices are computers that readily work 
with motors that are protected or controlled by mul¬ 
tiple pilot devices. These devices replace the switching 
functions of the manual and magnetic controls with 
solid state devices and incorporate the power of com¬ 
puter logic to insure the proper operation of the motor 
at the proper lime. As the complexity of these modem 


circuits increases, the level of knowledge and under¬ 
standing of the electrician must also keep pace in order 
to install, maintain, repair, and replace motors used 
with computer-controlled programmers. 

Questions 

1. What is the first thing to be done when a 
motor arrives at the worksite? 

2. Why should a motor not be lifted by its 
shaft? 

3. What relationship must exist between the 
nameplate voltage on a motor and the 
voltage of the system that will supply it? 

4. Are there any special provisions for a motor 
to be operat^ in a corrosive atmosphere? 

5. Under what conditions may a motor be 
allowed to operate at its rated temperature 
rise if the installation is above 3300 feet? 

6. Should oil reservoirs be drained if a motor is 
to be stored for an extended period of time? 

7. What is the maximum voltage allowed on a 
new motor rated at 460 volts when conduct¬ 
ing a high-potential test? 

8. What is the minimum acceptable ohms for a 
high potential test on a motor rated at 600 
volts? 

9. If the insulation resistance of a motor is 
below the minimum acceptable value, what 
must be done? 

10. List the basic characteristics of a NEMA 
TypQ 3 enclosure. 

11. What is the primary limiting factor in 
mounting a motor in any direction? 

12. Masonry plugs and bolts should have a safety 

factor of_when anchoring large, dy¬ 

namic motor loads. 

13. A motor operating at 1200 RPM has a 3-inch 
pulley which drives a 9-inch pulley on a 
machine. What is the rotation speed of the 
machine? 

14. Is it preferable to locate the driven pulley 
close to the motor’s body or near the end of 
the shaft? Why? 

15. What is the general rule for tightening the 
belts on a pulley-driven system? 
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16. Two pulleys of 12 and 6 inches have their 
centers 3 feet apart. What is the length of the 
belt in inches? 

17. A 6-inch pulley is rotated at 1725 RPM. 

What is the belt speed? 

18. What is the advantage of using a chain drive 
in place of a belt drive? 

19. Why are pinion gears sometimes made of 
hard fiber or plastic? 

20. Magnetic clutches do not require a_ 

connection between the motor and the load. 

21. A motor operating continuously has an FLC 
of 68 amperes as specified in Table 430-151 
of the NEC. What must the ampacity of the 
conductors be? 

22. The FLC stamped on the nameplate of a 

motor is to be used to size the_. 

23. Three motors have FLCs taken from the 
tables in the NEC as 21,27, and 40 amperes. 
A single feeder is used to supply these 
motors. What is the minimum ampacity of 
the feeder? 

24. A power factor correction capacitor bank 
draws has a rated current of 35 amperes. 
What is the minimum ampacity of the con¬ 
ductors to this bank? 

25. Is the following statement true or false? 
According to the NEC, in general, all motors 
must have a disconnect means. 

26. Locked rotor currents are about_times 

the FLC for any given motor. 

27. A controller is a device which_and 

_a motor. 

28. On a three-wire push-button station, what is 
the purpose of the set of contacts connected 
in parallel with the start button? 

29. Pilot devices which stop a motor are nor¬ 
mally _. 

30. Does the FLC of a motor pass through the 
contacts of the overload relay? Explain. 

31. List several devices used to provide thermal 
protection for a motor. 

32. What does the term “single-phasing” mean? 

33. Besides overcurrent and overload protection, 
list several other types of protection a motor 
may have. 


34. All_conductors must be provided 

with overcurrent protection. 

35. Can a fuse provide both overcuixent and 
overload protection? Explain. 

36. Why are overcurrent devices sometimes 
rated at several hundred times the FLC of a 
motor? 

37. How is the FLC of a motor determined for 
the purposes of providing overcurrent and 
overload protection? 

38. Fuse size for a continuous heating and 

lighting load must be_% of the load. 

For noncontinuous loads it is_%. 

39. What are the primary purposes of overcurrent 
and overload protection? 

40. What is meant by the interrupting capacity of 
an overcuixent device? 

41. Before starting a motor for the first time, list 
the items that need to be checked. 

42. After the motor is started, what are the 
primary indicators that it is running prop¬ 
erly? 

43. Define the term “power factor.” 

44. If a motor is drawing 50 kVA and its power 
factor is 80%, what is the true power used by 
the circuit? How much “wattless” power is 
there? 

45. How can the power factor for the motor in 
Question 44 ho corrected to 95% power 
factor? Explain. Give value. 

46. Why is it undesirable for a plant to have a 
low power factor? 

47. What is the primary cause for low power 
factor in a plant? 

48. List the advantages of correcting the power 
factor of a plant. 

49. List two other ways without using capaci¬ 
tance by which the power factor of a plant 
may be improved. 

50. What is the advantage of correcting the 
power factor at the motor? At the main? 
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Maintenance 
and Troubleshooting 


Motor maintenance begins when the motor is installed. 
Records on the motor are started, and notations on the 
conditions of operation are made. Each motor has its 
own individual record for maintenance and repair. 
These records are not only important to the electrician 
who must maintain the machine, but also to manage¬ 
ment. Managers can make cost-effective decisions 
using these records. 

Maintenance Requirements 

Motors require more maintenance than transformers. 
This is because motors have more parts. Some of these 
additional parts move. When parts move against each 
other, friction is created which results in wear and an 
increase in temperature. If the temperature rises above 
rated levels, damage results to the motor. 

Types of Maintenance 

There are two types of maintenance programs—cor¬ 
rective maintenance and preventive maintenance. 
Corrective maintenance is performed when a problem 
arises. Replacement of defective parts is a common 
task during these activities. Preventive maintenance 
reduces the need to replace parts by providing timely 
care for the machines. 

Do not limit the maintenance program to the repair 
and replacement of parts. The primary purpose of any 
maintenance program is to prevent the premature 
failure of the device. Schedule a preventive mainte¬ 


nance program to inspect, clean, lubricate, adjust, and 
test all accessible motors. Too often planned mainte¬ 
nance is considered to be unnecessary and too expen¬ 
sive. This false economy is not recognized until a 
serious preventable problem occurs. 

A comprehensive planned inspection and preven¬ 
tive maintenance program with a fixed schedule may 
seem to be unnecessary. The problem is that when this 
is not part of the work assignment, some motors will 
receive greater attention than others. Some motors will 
rarely be serviced, and others that are difficult to 
access or operate in undesirable conditions for the 
electrician's comfort, will receive no consideration. 

The tendency to gamble with preventive mainte¬ 
nance does not show good common sense and defies 
logical reasoning. The question is not i/a motor is 
going to fail, but rather when it will fail. 

A well-planned preventive maintenance program 
will occupy the work force in constructive tasks during 
periods when repairs or installation tasks are limited. 
Since the corrective maintenance crew is idle during 
these times, preventive maintenance makes even more 
sense, and the plant receives a return on the salaries 
paid during these times that can be nonproductive. 

Causes of Motor Failure 

Like transformers, the primary enemies of motors are 
high temperatures, dirt, and grime. Foreign materials 
that collect on a motor reduce the effectiveness of the 
motor’s ventilation system. This in turn causes the 
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operating temperature to rise. The higher the tempera¬ 
ture at which the motor must operate, the shorter its 
useful life. These undesirable conditions can result in 
either mechanical or electrical failure of the machine. 

Dirt that collects in the moving parts of a motor will 
cause premature wear on those parts. This will cause 
the motor to be out of operation more often than 
necessary. Metallic and abrasive particles can cause 
electrical failures as well. Moisture and chemicals can 
destroy the electrical and mechanical parts of the 
motor. 

Scheduling Maintenance 

A well-planned preventive maintenance program will 
help limit the number of outages during production 
pe^. Defective equipment will be repaired before 
problems occur and at times that are least disruptive to 
plant operation. Taking motors off the line during 
production times results in reduced production and 
higher costs. 

Observe the daily operation of the motors in your 
care. In addition, establish an inspection schedule for 
the motors based on their service conditions. The 
frequency of inspection can eventually be accurately 
timed based on the downtime experienced by any 
given motor. Periodically check all motors for 

1. General cleanliness, 

2. Electrical conditions. 

3. High ambient temperatures and proper 
ventilation. 

4. Tightness of mounts and alignment with 
the load. 

5. Proper lubrication and bearing wear of 
motor and load. 

6. Deterioration of wiring insulation. 

7. Condition of the field windings. 

8. Condition of the armature or rotor. 

9. Condition of slip rings, commutator, and 
brushes. 

10. Wear on switches. 

11. Deterioration of capacitors. 

Preventive Maintenance 

A good routine preventive maintenance program takes 
place continuously with specific tasks scheduled weekly, 
quarterly, semiannually, or annually. Experience gained 


with each motor dictates the frequency of schedule. 
These programs include 

1. Observations of changes in the motor’s 
operating conditions. 

2. Keeping the motor and the area around the 
motor clean. 

3. Providing for adequate ventilation. 

4. Lubricating machinery on schedule. 

5. Making small repairs before major 
problems occur. 

6. Measuring electrical characterisics of the 
motor and comparing them over a period 
of time to detect any changes that may be 
detrimental to the motor. 

7. Keeping records of the maintenance checks 
and any repairs made to the motor. 

The following recommendations for routine main¬ 
tenance are based on normal operating conditions of 
most motors. Those with severe and heavy duty will 
obviously require more frequent attention, and those 
with very light duty may require only routine or casual 
checks. 

Daily Observations 

The electrician needs to be aware on a daily basis of the 
clues that indicate a motor may need attention. Motors 
that have problems usually provide advance warning. 
The electrician or the operator of the machine is in the 
best position to detect these clues and to act. These 
observations are made on a daily basis and in an 
informal way. When the warning signs are heeded and 
corrective action taken, the preventive maintenance 
program is greatly enhanced. 

Our senses are constantly feeding information to 
our brain which analyzes these data and causes us to 
act. We may ignore this information which is the case 
almost 99% of the time. On the other hand, the brain 
must determine what is important in order for us to act. 
What is important are values that we have programmed 
the brain to call our attention to when certain condi¬ 
tions are present 

In order for us to take positive action to correct a 
motor problem, a certain level of knowledge must 
already exist in the brain to compare the information 
being transmitted to it by the senses. This knowledge 
is mostly gained by study, experience, and hands-on, 
job-related work. 
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Some potential problems can be observed by our 
sense of vision. Look for the presence of lubricants 
leaking from the bearings or excessive arcing of brushes 
on a commutator. Make a notation when dirt and grime 
are accumulating on the motor. Where instrumentation 
is available, glance at the readings as you pass the 
meters. Abnormal readings will register as experience 
is gained. Some meters even have red lines to help get 
your attention. The sight of smoke usually gets every¬ 
one’s attention. 

Our sense of hearing is a good source for detecting 
potential troubles. Listen for unusual noises. Bearings 
make a different sound when they are worn and need 
replacement. Metallic parts rubbing together can be 
heard. Brakes squeal with a metallic squeak when they 
are badly worn. 

Use the sense of touch by being aware of the 
temperature in any given area. Touch the motor casing 
and around the bearing housings. Be cautious in this 
procedure in the event the area is hot enough to bum 
and cause blisters. Experience will allow you to evalu¬ 
ate the iq)propriate level of temperature. Check the 
temperature with a thermometer if your sense of touch 
tells you the space or a part of the motor is too warm. 

Vibrations can be felt. Excessive vibrations can also 
often be heard, and in many cases, can be seen. When 
large motors are involved, the whole building may 
vibrate when a problem is present 

The sense of smell can often detect smoke before 
the smoke can be seen. The smell of burnt varnish 
indicates problems with the breakdown of insulation 
on the windings. This would also indicate that the 
temperature of the motor has exceeded its rating. Toxic 
fumes given off by burning insulation of overloaded 
conductors are evident. Ionized air due to the ozone 
present has a distinct smell indicating the possibility of 
high-level electrical arcing. The sense of taste can 
often detect high ozone concentrations. 

To summarize, use all of your five senses on a daily 
basis to detect the beginning of any problem. Investi¬ 
gate the cause. Take corrective action before an emer¬ 
gency arises and a major problem presents itself. 

Weekly Maintenance 

Preventive maintenance on a weekly basis includes 

1. Starteachmotorto determine if it comes up 
to speed within the normal time frame. 

2. Check the line voltage to see if it is within 
tolerance and is balanced on a three-phase 
system. 


3. Measure line current and compare to previ¬ 
ous records and if it is within the FLC of the 
motor’s nameplate rating. Line current 
should be balanced for a three-phase system. 

4. Listen to each motor for any unusual noises. 

5. Inspect switches, fuses, starter, and any 
electrical controls. 

6. Observe any excessive sparking of brushes. 

7. Check lubricant levels ofbearings and look 
for any leaks. 

8. Look for corrosion on slip rings and commu¬ 
tators. 

9. Check brushes for excessive sparking while 
the motor is running. 

10. Check oil rings for rotation with the shaft for 
the motors that have this arrangement 

11. Use a thermometer to measure the tempera¬ 
ture of frames and bearings. 

Quarterly Maintenance 

Besides perfOTming the weekly maintenance and checks, 
conduct the following procedures each quarter of the 
year. 

1. Clean motor thoroughly to remove dirt from 
the ventilation ducts and insulation. 

2. Measure and record the insulation resistance. 

3. Operate motor at its normal load and 
measure the temperature. Compare reading 
to previous values. 

4. Inspect for mechanical tightness of mounting 
frame bolts of motor and load. Do the same 
for belt guards, end-shield bolts, and other 
fasteners. 

5. Check condition of pulleys, belts, sprockets, 
and chains. Check tension of belts and 
chains. 

6. Check the end-play of the rotor shaft 

7. Check the clearance between bearings and 
shaft for motors with sleeve bearings. 

8. Measure the airgaps when possible on motors 
using sleeve bearings. Compare measure¬ 
ments to previous readings. 

9. Inspect brushes for breaks and wear. 

10. Check capacitors for leakage or swelling of 
the case. Look for corrosion around the 
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electrical connections. Test any capacitor that 
appears su^icious. 

Semiannual Maintenance 

1. Clean motor thoroughly. Disassemble motor 
if a thorough cleaning cannot be accom¬ 
plished in any other way. 

2. Drain and flush oil reservoirs on motors 
having sleeve bearings. Replace oil with rec¬ 
ommended type. Fill to proper level. 

3. Replace grease in reservoirs of ball and roller 
be^ng type motors. Flush old grease. 

4. Inspect lubricant seals and gaskets. Replace 
them if they are worn or leaking. 

5. Check bearings. 

6. Check electrical connections for good 
contact and any corrosion. Clean and tighten. 

7. Measure insulation resistance. 

8. Inspect the ends of squirrel cage rotors for 
overheating and loose or broken bars. 

9. Inspect wound rotors for hot spots and 
condition of insulating varnish. 

10. Remove brushes and inspect them for cracks 
or breaks. Check tension on the brushes. 

11. Check coupling system for alignment and 
mechanical tightness. Tighten journal 
setscrews. Check shaft keys for looseness. 
Look for worn gears, chains, and belts. 

12. Tighten other hardware on the motors such as 
the mounts, end-shields, and guards. 

13. Check all safety provisions to determine if 
they are in place and in good working 
condition. 

14. Inspect fans for loose or broken blades. If the 
motor is belt driven, check and lubricate 
bearings. 

15. Operate the motor. Check for smooth running 
and the level of vibration. Check the operat¬ 
ing speed(s). Activate control devices to de¬ 
termine if the motor responds correctly. 

16. Take temperature measurements after motor 
has run under load for an adequate period. 

17. Measure line current and voltage. Compare 
to previous readings and the nameplate 
ratings. 


Annual Maintenance 

Annual preventive maintenance is a repeat of the 
weekly, quarterly, and semiannual procedures. In each 
case, the intent of the scheduled preventive mainte¬ 
nance is to extend the life of the motor and to reduce 
the number of unexpected outages. A well-planned 
program provides for 

1. Scheduled inspections. 

2. Keeping the equipment clean and well venti¬ 
lated to limit temperature rise and electrical 
failures. 

3. Application of the required lubrication at the 
proper time. 

4. Making small repairs before they become 
major repairs. 

5. A system of record keeping that is adequate to 
record the history of the motor. 

As a general rule, motors need a complete overhaul 
every 5 years. This procedure will be more frequent if 
the motor operates under severe conditions or in un¬ 
suitable environments. This practice helps avoid un¬ 
timely breakdowns of the motor. 

Disassembly of a Motor 

How often a motor must be disassembled for routine 
preventive maintenance depends on the environmental 
conditions in which it operates. Effective maintenance 
programs provide for the complete disassembly of 
some motors on a scheduled basis. The size of the 
motor, usage, and the environment in which it operates 
suggests the frequency for major maintenance to the 
prudent supervisor. Corrective maintenance almost al¬ 
ways requires at least partial disassembly in order to 
make the repairs. 

General Rules 

Before attempting to disassemble a motor, remove 
power from the machine. Disconnect the power and 
control wiring from the motor. Record the connections 
and keep in a safe place. Remove any auxiliary equip¬ 
ment that may prevent access to the motor. The motor 
may, or may not, have to be removed from its mount¬ 
ing. 

Follow the procedures in the manufacturer’s in¬ 
struction manual if it is available. If not, the following 
discussion will usually suffice for the disassembly of 
most common types of electric motors. 
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Select a clean area for the job. The addition of dirt 
and grime can cause future problems. If the motor is 
disassembled while still mounted in place, thoroughly 
clean the area around the motor before taking it apart. 

Handle all parts with care. Mark and tag the parts. 
Store the parts in an orderly fashion in a safe place. 
Lost parts increase one’s frustration level when at¬ 
tempting to put the motor together. The electrician 
who fails to observe these simple procedures will 
appreciate their value too late. 

Marking Bell Ends and Frame 

The first step in taking the motor apart is to mark the 
frame and bell ends of the motor (Figure 10-1). Use a 
different set of marks on each end of the motor in the 
event the bell ends are identical. Switching bell ends, 
or aligning them in a different position than they were 
originally, will make assembly difficult, if not impos¬ 
sible. Also a change in their positions may cause 
stresses between the rotor’s shaft and the bearings. 



Figure 10-1. Mark the bell housings and frame of the 
motor so that their positions will be the same 
when assembled. 


Precautions 

After marking the bell ends and frame of the motor, 
you are ready to begin taking the motor apart. Use the 
following precautions. 

1. Do not use a steel hammer directly on any part 
of the motor. The impact can break or crack 


castings. Parts of the motor that have been 
forged or punched will dent. This will distort 
their shapes and cause a mismatch of the 
mating parts. 

2. Do not use a screwdriver to force mating 
edges apart. This will cause nicking and 
burring of mating edges. 

3. Be prepared to record your disassembly 
procure and make arrangements for storing 
the parts in an orderly fashion. 

4. Have a pencil and notebook ready to record 
any intwior wiring connections or any unusual 
mechanical arrangements. 

Procedures 
To disassemble the motor 

1. Remove the fastening screws and bolts. 

2. If the motor has brushes, remove them from 
their holders. Neglect in doing this can result 
in damage to the brushes and/or the commuta¬ 
tor if the rotor is removed. 

3. You are now ready to part the end bells from 
the frame. As soon as these parts separate, the 
rotor or armature will rest on the stator. Take 
precautions that will prevent damage by using 
supports to prevent the rotor from crashing 
into the stator poles. If the bell housing is 
open, it may be possible to place thin strips of 
waxed hardwood between the rotor and the 
stator. The larger the motor, the more chance 
of damage. 

4. Use a machinist’s hammer and block of wood 
to part the end bell from the frame (Figure 
10-2). The wood block protects against 
damage to the mating parts. 

5. Remove the bell housing from either end of 
the shaft vay slowly. Parts in the bell housings 
may be connected by wires to parts in or on 
the frame. These can easily be damaged. 
Figure 10-3 illustrates the centrifugal switch 
mounted in the bell housing of a split-phase 
motor. One of the wires on this switch will go 
to the start winding on the stator. The other 
wire will either be connected to one side of the 
run winding or one side of the power source. 

6. As you continue the process of disassembly, 
record the mechanical and electrical 
connections of all internal mechanisms. Make 
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Figure 10-2. Parting the end bells from the frame 
using a machinist hammer and a block of wood. 



Figure 10-3. Centrifugal switch in the 
bell housing of a split-phase motor. 

a wiring diagram. List the color codes and/or 
numbers attached to the wiring. 

7. Once the end bell is removed from the shaft 
end of the motor, the rotor can usually be 


pulled out. Take care not to hit the rotor 
against the stator poles or windings in this 
process. Support the rotor (Figure 1(M). Very 
large motors may require special holders or 
slings to support the rotor as it is removed. 
Figure 10-5 shows special brackets for 
holding a rotor as it is being moved lowered 
by a sling into place. These brackets can be 
mounted on casters for moving the rotor to 
other areas. 



Figure 10-4. Proper method of supporting and removing 
a small rotor or armature to prevent damage. 


8. Record the order of disassembly. When putting 
the motor back together, the reverse order will 
be used. 


Cleaning the Motor 

Some motors operate in more hostile environments 
than others. These motors require greater and more 
frequent attention than those that perform their tasks 
under more suitable conditions. 

All motors should be disassembled and cleaned as 
needed or on some fixed schedule. Oil, grease, dirt, 
dust, metallic, and chemical contaminants build up 
over time and reduce or block the required ventilation. 
If this is allowed to happen, eventuMly the operating 
temperature of the motor will rise beyond its maxi¬ 
mum rating and damage will occur. 

Metallic and chemical contaminants along with 
abrasive dust and dirt will attack the electrical insula¬ 
tion qualities of the motor resulting in early failure. 
Most insulation failures can be blamed on these types 
of debris collecting in the motor. 

Motors operating in wet and humid environments 
will collect moisture. This will also cause insulation 
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Figure 10-5. Special supports for removing large rotors. 


breakdown and result in parts of the motor rusting. 
Completely enclosed motors or humidity control may 
be necessary under these conditions. 

Air Pressure and Vacuum 

Compressed air can be used to remove dust and light 
dirt from the exterior and interior of a motor. The air 
should be dried to remove the moisture content 

Because of flying particles caused by the com¬ 
pressed air, it is recommended that the electrician wear 
safety glasses for eye protection. Be sure adequate 
ventilation is present and respiratory protection is 
worn to prevent the breathing in of the contaminants. 
In addition to the many harmful contaminants present 
in some plants, motors may have mechanical brakes 
that contain asbestos particles. Asbestos has been 
proven to be harmful to the lungs. The operator must 
never use the compressed air to remove dirt and dust 
from his or her person or clothing. 

Air pressure should be in accordance with the 
OSHA standards. Check these regulations for the par¬ 
ticular job you are performing. 

Air pressure usually h not to exceed 30 psi. High 
pressure will force stubborn particles deeper in crev¬ 
ices and the windings causing future problems. Com¬ 


pressed air is never to be used when metallic dusts such 
as copper, iron, or carbon are present 

The preferred method is to vacuum the motor rather 
than using compressed air to blow the debris out of it. 
A soft brush on the end of a hose will help loosen 
stubborn particles for removal. \^uuming eliminates 
the introduction of moisture, forcing of particles deeper 
into the windings and crevices, and reduces the hesdth 
risk to the operator. 

Compressed air can be used to clean ventilation 
systems and air passage ducts. Be sure to change all 
dirty air filters associated with these systems. A dirty 
filter will reduce air flow and cause the motor to 
overheat 

In the case of air handlers, dirty filters can either 
increase or decrease the load on the motor. When the 
load is increased, the current will increase causing the 
temperature to rise. When the load is decreased, the 
motor will run faster but draw less air across its surface 
due to the dirty filter. Reduced air flow in this case will 
result in less heat being removed from the motor. Both 
cases are detrimental to the life of the motor. 

Oeaning with air will not remove grease, oil, and 
many other contaminants. Further cleaning may be 
done using water with detergent, or using a cleaning 
solution. These methods are not to be used with DC 
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motors or those having brushes, commutators, or slip 
rings. Do not use them on other motors that are 
exposed to conducting dusts. Liquid solutions carry 
conducting contaminants deep into the motor to pro¬ 
duce shorts and grounds at a later time. Components on 
these types of motors may be further cleaned using a 
moist but not wet rag dampened with the cleaning 
solution. 

Cleaning with Water and Detergent 

Aft^ vacuuming and using compressed air to clean out 
loose particles, use a low pressure steam jenny for 
further cleaning the motor. Do not exceed 30 psi 
maximum for the steam flow. To prevent possible 
damage to the varnish and insulation, use a fairly 
neutral, nonconducting detergent. General Electric 
Company recommends Dubois Flow for this task. Mix 
a pint of detergent with 20 gallons of water. 

Apply the solution using warm water and a spray 
gun if a steam jenny is not available. Do not exceed the 
maximum pressure when using a spray gun. A soft 
bristle bush may also be useful to loosen the dirt and 
debris in the windings and crevices. 

Rinse the motor with clean clear water or low- 
pressure steam to rid it of any detergent solution. Use 
a megger to measure the windings’ resistance. It is 
advisable to dry the motor. Use one of the methods 
previously described. 

Cleaning with detergent and water is the preferred 
method of cleansing a motor. If drying facilities are not 
available, a cleaning solvent can be used. 

Cleaning with Solvent 

Many cleaning solvents are toxic or flammable. Use 
safety glasses and appropriate respiratory protection 
when applying these solvents. Avoid contact of the 
solution with the skin. Many of them cause rashes or 
can be absorbed by the body through the sldn. Perform 
the cleansing operation in a well-ventilated area. Keep 
the solution and its vapors away from open flames or 
sparks. Failure to observe these precautions can result 
in personal injury and possible fire or explosion. 

Some manufacturo's recommend trichloroethane 
as the solvent of choice for cleaning motel’s. Although 
this chemical is considered to be ntmflammable with a 
low level of toxicity, use it only in a well-ventilated 
area free of op^ flames. It is best not to expose 
yourself to any prolonged periods of breathing the 
vapors of any chemical solvent 

Carefully dry the motor after cleaning it with a 
solvent Do not allow the temperature of any part of the 


machine to exceed 125®C. Do not energize the ma¬ 
chine until it is thoroughly dried and the resistance 
checks are acceptable. 


Varnishing Windings 

After several cleanings with either solvoits or water 
and detergent, varnish the windings. Use the manufac¬ 
turer’s recommendations as to the type of varnish. 
Apply the varnish when the motor is warm. The 
varnish can either be brushed or sprayed onto the 
windings. For small motors, it is best to dip the rotor 
and stator windings into a varnish vat and clean the 
adjacent metal parts with a varnish solvent. Figure 
1(>-^ illustrates a method for dipping the armature. 



Figure 10-6. Method of dipping annatiire 
into vamish vat 

After varnishing, bake die windings at 100»150^ 
for about4 to 7 hours. Temperature and time will vary 
with the type of vamish. FoUow the instructions. 
Under some circumstances, it is wise to af^ly a second 
coat of vamish and repeat the baking process. 

If an oven for baking is not available, or the motor 
must be returned to the line without delay, there are 
commercial varnishes that can be used without baking. 
In any event, allow an adequate time for the vamish to 
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dry. Keep the machine in a low humidity atmosphere 
while this process is taking place. Nev^ energize the 
motor until the varnish is completely dry. 

Inspection 

Any time a motor has been disassembled for major 
maintenance is a good time to check all the parts. They 
are easier to see and any problem will normally be 
more evident. Inspection can take place while the 
cleaning operation is in process. 

1. Check the bell housings for cracks or breaks. 
Remove any burrs or nicks from mating parts. 

2. Replace worn bearings, brushes, and switches. 

3. Look for deterioration of insulation and 
megger the resistance of the windings. Check 
all windings for bumed spots. Correct any 
problems. 

4. Look for evidence of the armature rubbing 
against the stator poles. Replace bearings if 
this condition exists. The armature may have 
to be turned if it is out of round. 

5. Measure the concentricity of commutators and 
slip rings. 

6. Look for rust and damage to the surface of the 
motor. Remove any rust and touch up the paint 
on the motor. 

Bearings 

Bearings are an important part of a motor. They main¬ 
tain the rotor in a centered position in respect to the 
stator. These devices allow the rotor to turn with little 
friction. Because the rotating body of the motor ap¬ 
plies the most force on the bearings, the type of bearing 
to use is dependent on the type of force exerted on it 
The rotor of an electric motor may subject the 
bearings to different types of loads. These loads are 
called radial, thrust, and angular. 

Radial loads are those that apply force perpendicu¬ 
lar to the shaft Use radial bearings when the motor is 
mounted horizontally. 

Thrust loads are forces applied parallel to the shaft. 
These occur when the motor is mounted in a vmical 
position. Use thrust type bearings under these condi¬ 
tions. 

Angular loads are combinations of radial and thrust 
loads. Forces are applied both perpendicularly and 
parallel to the shaft Use angular-type bearings when 
this condition exists. 


Bearings are one of the few parts that wear. They are 
lubricated with grease or oil to reduce friction which 
causes heat. Too high a temperature will cause the 
bearings to fail. 

Ball bearings are used when the motor drives loads 
where heavy axial and radial thrusts are present Nor¬ 
mally, ball bearings are packed in grease at the factory, 
and greasing is not required before putting a motor into 
service. 

Modem motor designs provide for an adequate 
supply of grease or oil to be kqit in a reservoir which 
is dusttight and oiltight Greasing or oiling usually is 
not required for seva*al months or even years. 

Lubrication Schedule 

Oil and grease will ultimately become depleted, how¬ 
ever, and lubrication is a necessity if the motor is to 
achieve its normal life expectancy. Greasing periods 
vary depending on the type of service and the horse¬ 
power of the motor. Table 10-1 sets forth General 
Electric Company’s recommendations for lubrication. 

Table 10-1. Recommended Greasing Periods’^ 


Usage Horsepower 



0.5-7.5 

10-40 

Over 40 

Easy. Motor operates infiequently 
(1 hr/day). 

10 yr 

7yr 

Syr 

Standard. Machine tools, fans, and 
pumps are good examines. 

7yr 

Syr 

3yr 

Severe. Motor operatic continuously 
in locations subjea to severe 
vibration. 

4 yr 

2yr 

lyr 

Very severe. Motor is subjected 
to a difty environment and 
vibration. The shaft of the motor 
becomes hot. 

9 mo 

8 mo 

6 mo 


^Courtesy of Generai Electric Company. 


Type of Grease 

Follow the manufacturer’s recommendations as to the 
type of grease to use. Normally this will be a lithium- 
based grease specifically designed for ball bearings. 
Never use a grease that is abrasive, acidic, or alkaline. 
The temperature rating of the grease must always be 
greater than that of the operating temperature of the 
windings of the motor, preferably over 15(FC. When 
und^ operating conditions or in storage, the grease 
should not separate into its oil and soap components. 

A special grease is needed if the motor is to operate 
at an unusually high or low temperature. Avoid mixing 
different types of grease. Completely purge the reser- 
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voir of old grease when changing to a different type of 
lubricant Mixtures of different types of grease some¬ 
times cause chemical actions that result in the forma¬ 
tion of acids or alkalies. Either of these will attack the 
bearings and cause premature failure. Ball bearing 
grease normally has an oxidation inhibitor. 

Procedure 

Due to the inherent dangers of rotating machinery and 
electrical shock, whenever possible, always stop the 
motor before lubricating it. If the motor cannot be 
taken off the line for maintenance, exercise the neces¬ 
sary precautions to prevent injury to yourself and 
others. 

Clean the grease fitting to prevent dirt entering the 
grease reservoir. Remove the lower grease relief plug. 
Clean the relief hole of any caked or hardened grease 
(Figure 10-7). Some manufacturers provide a special 
brush for this purpose. Do not use the brush if you are 
attempting to lubricate the motor while it is running. 


GREASE BALL 

FITTING BEARINGS 



Figure 1(1-7. Lubricating ball bearings. 


Pump grease into the fitting until clean grease 
appears through the relief hole. This will clear all the 
old grease from the reservoir. 

Use a hand-operated grease gun only for this task. 
Do not use power guns. Excessive pressure might 
rupture the bearing seal. 

Allow the motor to run for about ten minutes with 
the grease relief hole open. This will clear the exces¬ 
sive grease. Too much grease can cause the bearings to 
overheat 

Replace the plug in the grease relief hole. Clean all 
excessive grease around the grease fitting and relief 
hole. The excess grease may be carried into the ma¬ 
chine and attached itself to the windings. The grease 
will collect dirt and hasten the deterioration of the 
windings. 


Motors that do not have the grease fitting and relief 
plug cannot be greased in this manner. To grease these 
bearings, remove the bearing housing and clean out the 
old grease with a cleaning solvent. Apply new grease 
either by hand or from a tube. Fill the cavity about one- 
third to one-half full. More than this amount will be 
excessive. 

Cleaning 

Occasionally it may be necessary to disassemble a 
motor for cleaning. Clean the bearings and bell hous¬ 
ing at this time. Take the following precautions. 

1. Unless absolutely necessary, do not remove 
bearings which are in good condition. When 
bearings are removed, store them in waxed or 
oiled paper. 

2. Keep the bearings clean. Handle them only 
with a clean, lint-free cloth or canvas glove. 

3. Use a cleaning solvent such as trichloroethane 
which will remove dirt and grease. Do not use 
a cleaning solvent on sealed or semisealed ball 
bearings. The solvent may remove the slushing 
oil inside of the bearing. 

4. If the bearings are accessible after cleaning, 
soak them in mineral oil heated at about 
1(X)®C. Thoroughly dry the parts before 
assembly. 

The following method can be used to clean the 
bearings and the reservoir without disassembling the 
motor. 

1. Wipe the housing, relief fitting, and relief plug 
clean to prevent entry of dirt or particles. A 
small piece of abrasive material can quickly 
damage a bearing. 

2. Remove the fittings by unscrewing them from 
the casing. 

3. Remove any hardened grease around the 
fittings using tools supplied by the manufac¬ 
turer or with the blade of a clean screwdriver. 
Take precautions not to damage any part 
which the screwdriver comes into contact 

4. While the motor is running, inject a suit¬ 
able cleaning solvent into the top fitting 
hole using a syringe. The cleaning solvent 
will thin the grease and it will run out of 
the bottom hole of the reservoir. Continue 
to add solvent until a clear mixture is seen 
exiting the drain. 
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5. Replace the relief plug and add solvent until it 
can be seen splashing in the top hole. Allow 
the motor to run for a few minutes and open 
the drain. If the mixture shows signs of dirty 
grease, replace the drain plug and repeat the 
process until a clear mixture exits the reser> 
voir. 

6. Replace the drain plug and add a light lubri¬ 
cating oil to the reservoir. Run the motor for a 
few minutes and drain the mixture of oil and 
solvent. The oil will flush any solvent that 
may have remained in the reservoir. 

7. Turn the motor off and replace the grease 
fitting and relief plug. Grease the bearing 
according to the previously described method. 

Sleeve Bearings 

Most single-phase, low-horsepower motors use sleeve 
bearings. These bearings are either babbitt-lined, po¬ 
rous bronze, or brass. Hie babbitt-lined bearings have 
the least friction and the longest life. 

Oil is normally the lubricant for sleeve bearings. 
Follow the manufacturer’s recommendations as to 
type and viscosity. The same rules apply to oil as to 
grease. 

1. Temperature rating of the oil must be higher 
than that of the windings. 

2. Never mix different types of oil. 

3. Use special lubricants for motors operating in 
extreme temperatures. Preheating the oil is a 
method sometimes used in very cold condi¬ 
tions. 

4. Never use oils that are acidic or alkaline, or 
those that contain abrasives. 


OIL FILL 




Sleeve bearings normally have specifically designed 
grooves which permit the transfer of oil from the 
reservoir to the shaft through a wool felt wick or 
packing of wool felt or cellulose fiber. Packing as a 
means of transferring the oil to the shaft is seldom used 
on modem fractional horsepoww motors. When pack¬ 
ing is used, change it at least once each year. Figure 
10-^ illustrates the lubrication system using a felt wick 
to transfer the oil from the reservoir to the shaft of the 
motor. 

The design includes a tube with acap to add oil and 
a drain plug to remove contaminated oil. The reservoir 
is large enough to provide adequate room for dust, dirt, 
and oil sludge to collect at the bottom. 


Figure 10-^. Sleeve bearing lubrication system. 

Follow the recommendations of the motor’s manu¬ 
facturer as to how often the oil needs to be changed. 
Heavy use in high ambient temperatures or dirty con¬ 
ditions require more frequent oil changes. 

Procedure for Oiling 

When replacing the oil, allow the oil to mn out of the 
drain plug until the oil is clean. Replace the drain plug 
and fill the reservoir until the oil is within 1/8 inch of 
the top of the fill tube. 

It is common for sleeve bearing types of motors to 
run from 1 to 3 years without the need for the oil to be 
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replenished. If the oil discolors or oxidizes, change it 
immediately. 

Overheating 

Motor bearings overheat for the following reasons: 

1. No lubricant To remedy this condition, add oil 
or grease. Do not overfill. 

2. Too much lubricant Drain excessive oil until 
the oil falls to 1/8 inch below the top of the fill 
tube. Open the drain plug on the grease fitting 
and allow the motor to run for about ten 
minutes. Excessive grease will drain. If not 
the grease is caked and should be removed and 
the ball bearings greased. 

3. Oil not reaching the shaft Check the wick and 
means of holding the wick against the shaft 
Replace the wick if necessary. If ring construc¬ 
tion is used, be sure the ring is free to rotate. 

4. Worn bearing. Replace the bearing. When 
replacing one bearing, replace all of them even 
though there is no evidence of wear. Use exact 
replacements. It is best to have the bearings 
replaced by a motor shop or machinist. Special 
tools such as bearing pullers, extractors, and 
bearing arbors with presses are needed in 
many cases. These are not standard tools that 
electricians carry on the job. Shaft wear can be 
corrected by metallizing, spraying with molten 
metal, and turning and smoothing the shaft to 
make it true. Another method is to reduce the 
diameter of the shaft on a machine lathe. This 
operation will require a change in the size of 
the bearing. The machinist uses inside and 
outside micrometer calipers to make these 
measurements. 

5. Excessive belt tension. Adjust belt tension so 
that the sag is about 1/8 inch for each foot of 
belt. 

6. Excessive end thrust or side pull. Check belt 
tension. Check the motor operating character¬ 
istics against the type of load it is driving. 
Misapplication can be the problem. Check 
pulley alignment 

7. Shaft current. These stray currents are a form 
of eddy currents which are caused by the mag¬ 
netic field cutting through the metal shaft 
They are normally caused by irregularity of 
the magnetic flux field. For example, an 
uneven airgap between rotor and stator poles 


may be the culprit Some current in the shaft is 
an inherent characteristic of an AC machine 
and is not always harmful. Figure 10-9 shows 
the path of the shaft current 



Figure 10-9. Path of the shaft current 


When conditions are exaggerated, however, and 
large shaft currents are present, they can cause damage 
to the bearings. These conditions are more likely to 
occur in large induction-type motors. 

When contact between the shaft and bearing is 
good, a ball bearing is more likely to conduct the 
current than a sleeve bearing. The bearing may melt 
due to the heat created by the current 

If bearings on a motor are receiving proper atten¬ 
tion, but are failing on a regular basis, check for shaft 
current. Shaft current can be determined by shorting 
the ends of the shaft with a low-resistance copper wire, 
and measuring the current flow through the wire with 
a clamp-on ammeter. 

Shaft currents can be eliminated by breaking the 
current path. This can be done easily for motors that 
have bearing pedestals. Insulate the bearing pedestal 
opposite the coupling end of the motor. On motors with 
the bearings supported in brackets, the insulation is 
placed between the bearing and the bearing housing. 

Although the problem of shaft current does not 
occur frequently, when it does occur it can present 
some serious problems. It is not always easy to reduce 
it to acceptable levels. 

A company that I worked for years ago had a 
contract to maintain the motor-generator units in sev¬ 
eral military missile silos. These units had a large 
flywheel. The bearings on the flywheel were burning 
out on a regular basis. It never occurred to us at first 
that this problem was electrical and not mechanical in 
nature. 

Magnetic flux from the motor generator unit was 
leaking. The flywheel as it turned was cutting the flux 
field. This caused very large currents to be induced into 
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the flywheel. This in turn was causing arcs in the 
bearing housing. 

We attempted many remedies to correct the prob¬ 
lem. This included shielding the flywheel from the flux 
fleld which was not possible without redesigning the 
unit. Insulating the bearings of the flywheel also failed 
due to the weight involved. We were unable to find a 
suitable insulation material that would withstand the 
stresses involved. 

Our final attempt was to provide an alternate cur¬ 
rent path. Large carbon brushes were used to make 
contact with the flywheel with grounding leads at¬ 
tached to the brushes. This attempt, alAough not 
completely satisfactory, solved the problem. 

Checking Bearing Wear 

Worn bearings normally tell you their condition by the 
noise they make when the motor is in operation. Listen 
to them when they are in operation. 

Because worn bearings increase the friction be¬ 
tween shaft and themselves, the temperature will rise 
above the normal level. Although feeling for “hot 
bearings*’ has been acceptable in the past, too many 
bad bearings are missed in this manner. Use a ther¬ 
mometer or thermocouple to make the measurement. 
These methods are much more reliable. Establish base 
temperatures on the motor’s record card when the 
motor is put into operation. Don’t forget that low or 
dirty lubricant can ho the cause of the higher tempera¬ 
ture. Check this condition first 

Bearing wear can also be determined by attempting 
to move the shaft of a motor when it is at rest Increased 
end-play and movement up and down or sideways are 
good indicators of bad bearings. Figure 10-10 illus¬ 
trates this procedure. 

Badly worn bearings allow the rotor to come into 
contact with the stator core. Evidence of this will be 
present on the rotor and stator cores as scrape marks. 
The increased noise of operation will also be evident 
If this condition continues for even a short period of 
time, the motor will be destroyed due to the heat 
generated by the friction between these two parts. 

The best procedure for determining wear on sleeve 
bearings is to use a feeler gauge to measure the 
distance between the rotor and the stator in each of the 
four quadrants. One measurement is to be made in the 
direction of the load. 

The distance between them should be equal. Meas¬ 
urements taken at the time of installation or the manu¬ 
facturer’s specifications are to be used as the base 
figures. Taking these measurem^ts during regular 



Figure 10-10. Checking shaft bearings and end play 
by manipulating the shaft 

preventive maintenance intervals will give adequate 
warning as to bearing deterioration before serious 
damage is done to the motor. Figure 10-11 shows a set 
of feeler gauges. 

This method is not effective for toUct or ball bear¬ 
ing motors. These bearings normally fail before there 
is a noticeable change in distance between the rotor 
and stator poles. 

Replacing Bearings 

Special tools are necessary for removing the bearings 
from a motor. Regardless if the bearing is a sleeve or 
roller type, an even pressure must be exerted on the 
bearing in order for the bearing to be removed without 
doing damage to the casing or shaft of the motor. Never 
attempt bearing removal without the special tools. 
Removal procedures varies greatly between different 
types of motors. Use the manufacturer’s handbook on 
the specific motor for the correct procedure. Only 
some of the tools, general precautions, and methods 
are included in the following descriptions. 

Figure 1(1-12 shows a set of arbors for removing 
sleeve-type bearings. These tools come in various 
sizes with a single arbor having as many as five 
different diameters. The tool is designed so that the 
outside diameter will pass through the bearing holder 
of the casing without doing damage to iL At the same 
time, the next diameter is equal to that of the bearing 
and will rest evenly on it 

Make sure the working surface on which the end 
bell rests is smooth, firm, and even. Figure 10-13 
illustrates the placement of the arbor before removing 
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Figure 10-11. Set of feeler gauges used to measure space between rotor and stator poles. 



Figure 10-12. Set of sleeve-bearing arbors. 


the bearing. Figure 10-14 shows the removal of the 
bearing using the arbor and a machinist hammer. 

A preferred method to removing the sleeve bearing 
is to use an arbor press. This machine eliminates the 
chance of accidentally striking the housing which is 
normally made of cast aluminum or iron. Sharp blows 
can crack or break the housing. An additional benefit 
is that bearings removed in this manner can be reused 
if they are still good. Figure 10-15 shows an arbor 
press. 

If an arbor press is not available, a set of extractor 
and inserter tools can be used to remove the sleeve 
bearing. These tools are designed to put even pressure 
on the bearing either when removing it or replacing it. 
This method is better than the arbor and hammer 
technique. 

New sleeve bearings can be reinserted in the bell 
housing using any of these methods. The opai end of 
the housing will face up for this op^adon. Hie bearing 



Figure 10-13. Placing the arbor before removal 
of a sleeve bearing. 

is placed into the opening and then forced either by 
tapping the prop^ size arbor with ahammer or provid¬ 
ing even pressure using a press or inserter. 

When removing ball bearings from a shaft or the 
bell housing, apply a steady, even pressure to the shaft. 
Special tools are made for this purpose. Figure 10-16 
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Figure 10-14. Removing a sleeve bearing using 
an arbor and machinist hammer. 



Figure 10-15. Removing a sleeve bearing 
with an arbor press. 


shows the removal of a bearing using a hook-type 
puller. The tool shown has only two hooks, and it needs 
to be centered perfectly for the pull. Pressure may be 
applied to the outer race of the bearing, but it will 
destroy the bearing. If the bearing is good and is to be 
used again, apply the pressure to the inner race if 


possible. Similar tools have three hooks, and a more 
even pull is easier to achieve with them. 

Damaged ball bearings that are particularly tight 
can be removed by first separating the bearing. Force 
the outer race over the balls leaving only the inner race 
on the shaft. Use a torch to apply quick heat to the inner 
race while applying a steady pulling force with the 
hook-type puller. The heat will normally loosen the 
bearing on the shaft and make it easier to pull. Do not 
apply too much heat or damage may occur to the shaft. 

Use a plate- or bar-type puller when the construc¬ 
tion of the bearing assembly is such that the inner cap 
and ball bearing remain on the shaft after the end bell 
and outer cap have been removed. Figure 10-17 pro¬ 
vides three illustrations of how the bar-type bearing 
puller operates. 

Usually replacement bearings are of the same type 
and number as the originals. Install them in the same 
relative position as the old bearings. Angular-contact 
bearings that are to be stacked together must have their 
high points of eccentricity lined up. This point is 
indicated by a burnished spot on the inner race. 

It cannot be emphasized enough the need for proper 
maintenance on the bearings of a motor. Bearings are 
the single most likely component to fail when the motor 
is operated within its electrical ratings. 

Commutators 

Commutators are used on DC machines and on the 
starting windings of some AC machines. When used on 
AC machines they are called rotary commutators. 
They are also used on auxiliary machines to provide 
excitation for synchronous motors. 

Motors are useless without good commutation. 
Good commutation is noted by the absence of exces¬ 
sive sparking or burning of the commutator bars and 
brushes. To meet these requirements, a continuous and 
close contact is maintained between the commutator 
and the brushes. The commutator must be kept clean. 

The surface of the commutator must be smooth and 
concentric. The mica insulation must be properly 
undercut. Brushes must be properly shaped and have 
the proper pressure applied. The armature must be well 
balanced and the beings in good condition. 

Another requirement of good commutation is the 
formation of a uniform copper oxide-<;arbon film on 
its surface. Normal oxidation of the copper along with 
heating and ozone action on particles of the graphite 
from the brushes cause this film to form. The film acts 
as a lubricant over the commutator surface and extends 
the life of the brushes and the commutatcn*. 
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Figure 10-16. Removing a ball bearing from a shaft using a hook-type puller. 


BEARING PULLER BEARING MOTOR BEARING PULLER CARTRIDGE 
JACK SCREW PULLER SHAFT END PLATE CONSTRUCTION 



BEARING PULLER BEARING BEARING MOTOR CARTRIDGE 

JACK SCREW PULLER PULLER SHAFT CONSTRUCTION 




Figure 1(1-17. Removing ball bearing from a shaft using a bar-type bearing puller. 
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The color of the film varies from copper to straw, or 
light chocolate to almost black. The surface appears 
highly polished and smooth. There should not be any 
color shading around the brushes. Chlorine fumes will 
cause a green discoloration. Sulfuric fumes will turn 
the area blue. A streaked or gummy>looking surface is 
the result of oil, oil vapors, grease, or the presence of 
some other types of contaminants. Clean the commu¬ 
tator when any of these conditions exist. This is the key 
to extending the life of the machine. 

Commutators normally have apolishedbrown color 
where the brushes ride on them. A bluish burned color 
indicates overheating of the connection between the 
surface of the commutator and the brush. 

Cleaning 

Usually these parts require only occasional wiping 
with a piece of canvas or lint-free cloth. Be sure no 
threads become lodged between the commutator and 
the brush. This can increase wear and cause arcing. 
Figure 10-18 illustrates the cleaning of a large com¬ 
mutator. 



Figure 10-18. Using a wooden stick and canvas 
to clean a large commutator. 


Never use any lubricant on a commutator while 
cleaning it. Avoid using silicone-based materials such 


as used for gaskets in the vicinity of a commutator. 
Silicones cause abnormal wear of the brushes. 

Approved solvents can be used to remove oil and 
grease. Be sure the commutator is completely dried of 
the solvent before the machine is put into operation. 

When foreign matter sticks to the commutator and 
cannot be easily removed by wiping, use a fine grade 
of sandpaper. Do not use coarse-grained sandpaper or 
emery paper. The coarse sandpaper will scratch the 
surface of the commutator, and emery paper has metal¬ 
lic particles that will collect in the slots and cause 
shorting of the bars. 

Use a wood sanding block to hold the sandpaper 
while performing this task. The concave surface of the 
block must fit the convex surface of the commutator. 
Sand perpendicular to the axis of the slots and very 
sbwly to prevent scratching the surface (Figure 10-19X 



Figure 10-19. Cleaning the surface of a commutator 
using a sanding block. 

No matter how careful you are with the sandpaper, 
it will put small invisible scratches into the surface of 
the segments. It is wise to burnish the commutator after 
cleaning it with sandpaper, or as explained later, re¬ 
establishing the concentricity by turning, grinding, or 
sanding. 

Completely dried hardwood makes an excellent 
burnishing tool. Shape the hardwood like the sanding 
block in Figure 10-19. While the motor is running, 
move the block back and forth across the surface of the 
commutator. The hardwood will remove the small 
scratches from the surface. 

Another method of using hardwood for the burnish¬ 
ing is to shape the hardwood in the shape and size of the 
brushes. Replace the brushes with the hardwood. The 
motor will not run under this condition, and the rotor 
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will need to be turned by another motor in ord^ for the 
hardwood to do its job. 

Checking Concentricity 

The commutator must be nearly round to prevent brush 
bounce and excessive arcing. The higher the speed of 
commutation, the greater the need for more perfect 
concentricity. A commutator with speeds of 5000 feet 
per minute needs to be concentric within 0.001 inch on 
its diameter. At speeds above 9000 feet per minute, the 
requirement is for the commutator to within 0.0005 
inch. 

Movement of the brush up and down on the commu¬ 
tator can be felt in some cases. Place an insulated probe 
or the rubber eraser of a pencil on the top of the brush 
while the motor is running. Any rough spots will be 
felt. 

If no unusual movement is noticed using the probe, 
and you still suspect the commutator is not in round, 
use a concentricity gauge to measure the variation. 
Figure 10-20 shows this arrangement 


CONCENTRICITY GAUGE IN 
THOUSANDTHS OF AN INCH 



Figure 1(1-20. Measuring concentricity 
of a commutator. 


The gauge is set on top of the spring holding the 
brush in the brush holder. Adjust the pressure on the 
gauge so that it barely touches. Adjust the indicator so 


that the gauge will read zero. Rotate the commutator 
by hand, segment by segment Note the high and low 
points. If the concentricity of the commutator is not 
within tolerance, corrective action is indicated. 

The preferred method of making the commutator 
concentric is to send it to the motor shop and have it 
turned on a machine lathe. In the absence of this tool, 
the second preferred method is to use a grinding stone 
and to turn the commutator. This operation would also 
be performed in the motor shop. 

If the commutator is not too f^ar out of round, and the 
motor needs to be back on the line quickly, a handstone 
specified for smoothing commutators can be used. The 
material in the stone consists of a synthetic abrasive 
that has the property for the stone’s particles to tear 
loose as soon as the particles become dull. The stone 
does not become clogged and smooth, thereby always 
presenting a cutting action. 

The stone is formed as the sanding block in Figure 
10-19 so that its surface fits evenly on the circumfer¬ 
ence of the commutator. While the motor is running the 
block is moved slowly back and forth across the 
commutator’s surface. Use a coarse stone for the initial 
smoothing, and replace it with a One stone for rinish- 
ing. Never use oil or other lubricant with the hand- 
stone. This will cause the stone to clog and become 
smooth, thereby reducing the stone’s ability to grind. 

In the absence of a handstone, sandpaper and a 
sanding block may be used. This is the least preferred 
method. The same procedures outlined for the hand¬ 
stone would apply to the sanding block. 

Before using any of the methods described, check 
the bearings. If the bearings are worn, the commutator 
is going to turn off center and cause problems. Also 
check the commutator for loose segments. If a segment 
has loosened, it may be either higher or lower than 
other segments. Place the bar in its proper position and 
tighten the fasteners which hold the segments. Mica 
above the level of the segments may also be the cause 
of the commutator not to be concentric. 

Mica Undercutting 

High mica in the slots is a frequent source of brush 
noise, streaking, and rapid deterioration of the brushes. 
Check the slots for high mica any time the commutator 
appears rough. Figure 10-21 illustrates a slot that has 
been properly undercut 1/32 inch and a condition 
where the mica is high. 

Any time the mica is high in the slots, it must be 
und^cut below the level of the segments. The depth of 
the undercut will vary depending on the different sizes 
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COMMUTATOR SEGMENTS 



(A) Correctly urukrcut. 



Figure 10-21. Commutators correctly and 
incorrectly undercut. 

of commutators. For medium-width commutator bars, 
the undercut is in the range of 1/16 inch plus or minus 
1/64 inch. 

When the machine operates at a low speed or in a 
dirty environment, the slots are likely to collect dirt. In 
either of these cases, a V-shaped slot may be more 
satisfactory than the square or U slot shown in Figure 
10-21. The V slot collects less debris than the U slot 
The U slot has the advantage in that the commutator 
bar can wear down to the bottom of the slot before it is 
necessary to undercut it. On the other hand, wear on the 
segment can only be to the top piece of mica on the V- 
type slot 

Undercutting consists of removing the mica from 
the slot so that there is no contact between the mica and 
the brushes. There are several tools available for this 
purpose. 

The preferred method is to use a flexible, shaft 
power-driven, saw-type undercutter. When this tool is 
available, it is not necessary to remove the armature 
from the machine. Only the brush rigging needs re¬ 
moval in order to saw out the slots. 

If the armature is removed, a mica undercutting tool 
such as that shown in Figure 10-22 is used to remove 
the mica from the slots. This tool has adjustable V 
blocks to hold the armature. The saw is mounted on a 


motor whose height is adjustable. The saw can move 
horizontally the length of the slot to remove the mica. 
Figure 10-22 depicts this tool. There are also portable 
power saws designed for undercutting the mica. 

In most cases a power tool will not be available to 
the plant electrician for undercutting mica on the 
commutator. To make immediate repairs, a hacksaw 
blade can be sh£q)ed as shown in Figure 10-23. The 
teeth of the hacksaw blade are ground off in the area 
where the tool comes into contact with the commuta¬ 
tor. This reduces the chance of burring the commutator 
bars. Wrap tape around the end opposite the cutting 
edge to prevent injury when using this tool. If a taped 
handle is not satisfactory, make a wood handle to hold 
the blade. There are commercially manufactured slot¬ 
ting files on the market that can be purchased. 

When power tools are used to undercut the mica, 
rough edges are often developed on the segments of the 
commutator. If left there, they will cause poor commu¬ 
tation. The standard procedure for removing the burrs 
is to bevel the edges of the commutator segments. The 
process provides smooth transition for the brushes 
from one segment to the next 

Any time the mica has been undercut on an arma¬ 
ture, check each slot for proper depth of cut and 
uniformity. V cuts may be off center. U cuts may have 
raised mica on one side where the saw has not removed 
all the mica in the slot 

Never use any lubricant when cutting the mica. Be 
sure all loose pieces are removed from the slots before 
putting the machine in operation. Insulate the undercut 
with an air-dry varnish. Remove any excess varnish 
from the segments. Always keep the slots clean to 
assure good performance of the commutator. 

Slip Rings 

The principles of maintaining the surface of the com¬ 
mutator applies equally to slip rings. The same uni¬ 
form copper oxide-carbon film is necessary for good 
electrical contact with the brushes. Check slip rings for 
contaminants, flat spots, streaks, and grooves. Clean 
them if necessary. Remove minor grooves or flat spots 
with a stone or by sanding. If the rings are too far out 
of round, send the armature to a motor shop to have the 
surface of the rings machine ground or turned on a 
lathe. 

Brushes 

The contact between the commutator of the motor and 

the external circuit is through the brushes. The brushes 

must be able to 
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SHAPE HACKSAW BLADE 



TAPE FOR HANDLE 


Figure 10-23. Slotting file made from hacksaw blade. 

1. Carry the load current 

2. Act as lubricated bearings on the commutator 
or slip rings. 

3. Withstand very high levels of short-circuit 
currents and peaks. 

There are several types of brushes in use. They 
differ depending on the application. It is extremely 
important that the same type of brush is used as a 
replacement for a worn brush. Follow the manufac¬ 
turer’s recommendation. 

Types 

The types of brushes are 


2. Electrographite. The carbon is processed at 
high temperatures in an electric graphitizing 
furnace. This results in a carbon with reduced 
hardness and increased electrical and thermal 
conductivity. The brush has a low friction, 
high resilience (hugs the commutator without 
bouncing), high current capability, and is not 
abrasive. 

3. Natural graphite. These brushes are not as 
strong as the previously listed types. They can 
be identified by their silvery appearance and 
soft flaky structure. They are used because of 
their good lubricating qualities. These brushes 
are prone to selective action and shunt burning 
at high currents. Applications are limited. With 
proper allowances, however, they have a long 
life with a minimum of maintenance. 

4. Copper graphite. Powered copper and graphite 
are pressed together and baked at a relatively 
low temperature to form these brushes. They 
are primarily used on slip rings and commuta¬ 
tors where high current densities are present 


1. High-grade carbon. These brushes arc used for The average current carrying capacity of the first 
their low cost, and they are restricted to low three brushes is in the range of 40 to 60 amperes per 
currents and speeds. 
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square inch. Metallic graphite brushes have capacities measurement of brush spring pressure with a spring 
up to ISO amperes per square inch. balance. 


Causes of Brush Failure 

A brush may fail due to normal wear. A good preven¬ 
tive maintenance program will overcome motor fail¬ 
ure due to this cause. Replace brushes when they wear 
down to one-half of their newly installed length. It is 
good practice to change all the brushes at the same 
time. It is normal to have a fairly rapid rate wear on 
new brushes until they are firmly seated on the com¬ 
mutator. 

The causes of premature failures are 

1. Brush chatter. A rough or eccentric commuta¬ 
tor, high mica, excessive vibration due to 
imbalance, and loose or worn bearings will 
create the conditions for brush chatter. Figure 
10-24 shows a set of brushes that have been 
fractured due to brush chatter. The 4 brushes 
on the left show normal wear, while the re¬ 
maining 12 show noticeable damage. 

2. Spring tension. Either too much spring tension 
or too little can cause abnormal wear on the 
brush. Set tension according to the manufac¬ 
turer’s recommendations. The range is 
normally from 1% to 2Vi psi for the 

contact pressure for light-metallized, carbon, 
or graphite brushes. Heavy metallized brushes 
require between 3 and 5 pounds per square 
inch. Figure 10-25 illustrates brush damage 
due to improper spring tension. 

3. Arcing. Both improper brush pressure and 
chatter will cause excessive arcing. In addi¬ 
tion, improper setting or position of the 
brushes on the commutator will also result in 
this condition. 



Figure 10-24. Set of brushes which have been fractured 
due to brush chatter. 

DAMAGED BRUSHES 



UNDAMAGED BRUSHES DAMAGED BRUSHES 


The cure for brush chatter was described above in 
the section on maintenance of the commutator. Setting 
the spring tension and the proper positioning of the 
brushes follows. 

Setting Spring Tension 

Measure the spring tension on each brush when per¬ 
forming preventive maintenance or when replacing a 
brush. Adjust the pressure according to the manufac¬ 
turer’s specification. Failure to do this will result in 
unnecessary corrective maintenance and motor failure 
at inopportune times. Figure 10-26 illustrates the 


Figure 10-25. Brushes damaged by electrical arcing 
due to improper spring tension. 

Uneven tension will cause selective action. One 
may assume that low tension will reduce brush and 
commutator wear. In reality, low tension often results 
in streaking, arcing, and grooving of the commutator. 
One may also assume that greater pressure will reduce 
chatter. If chatter is caused by a rough commutator, flat 
spots, or high mica, this condition will only be aggra¬ 
vated by the increased tension. It is highly important to 
maintain proper brush tension. 
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Figure 10-26. Measuring brush spring pressure 
with a spring balance. 

Use the following procedure to adjust the brush 
pressure on the commutator (Figure 10^27). 

1. Raise the brush and insert a piece of paper 
between the brush and the commutator. 

2. Attach the spring balance to the brush-spring 
arm. 

3. While pulling lightly on the paper, raise the 
spring balance perpendicular to the brush until 
the paper begins to slip free. 

4. Read the pressure at this point 

5. Take two or three readings and average the 
values. Divide the reading by the contact area 
of the brush. The result will give the brush 
pressure in pounds per square inch. 

6. Adjust the spring tension if the average 
reading is not within tolerance. Some brush 
holders have provisions for making the adjust¬ 
ment. On others, the brush spring is bent for 
the proper force. 

7. Repeat the steps until the proper tension is set 



Figure 10-27. Adjusting the brush pressure with a strip 
of paper and a spring balance. 


Angle of Brush Setting 

The angle of the brush setting on a DC motor may be 
radial, leading, or lagging. Figure 10-28 illustrates 
these three conditions. 

Radial settings are perpendicular or at a right angle 
to the commutator. When the motor can be reversed, 
this position is usually considered to be the best selec¬ 
tion. Some reversible motors have one brush set at a 
leading angle with its counterpart set to lag. 

The leading setting forms an angle of less than 90° 
ahead of the direction of rotation of the armature. This 
setting is best of the three because of less brush-in- 
holder friction and the ability to better follow the 
irregularities of the commutator. All the pressure is 
used to hold the brush against the commutator. Wh^eas, 
in the other two methods a greater side thrust is exerted 
by the brush against the holder. 

For low commutator speeds, 5500 feet per minute 
or less, set the brushes to a lead angle of about 20°. For 
higher speeds, set the angle between 30° and 40°. 
Adjust the angle in each case for the best commutation, 
or the lowest amount of arcing. The formula for 
determining the surface speed of the commutator is 

Feet per Minute = Diameter (inches^ X 3.14 X RPM 

As a general rule, the brushes have either been 
permanently fixed in position by the manufacturer, or 
the neutral point is marked. Mechanical neutral is 
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COMMUTATOR CENTER LINE BRUSH COMMUTATOR CENTER LINE 



Figure 10-28. Angle of Brush Setting. 


found at the midpoint between the center lines of the 
main poles. Often the brushes are slightly off this point 
in order to be at electrical neutral for best commuta¬ 
tion. This is particularly true on machines that do not 
have commuting poles. 

When provisions are available for adjusting the 
brushes, as in the case of abrush yoke on the motor, use 
the following procedures for setting the brushes (Fig¬ 
ure 10-29). 

1. Disconnect the power from the machine. 

Never attempt to shift the brushes when power 
is connected to the motor. 

2. Loos^ the brush yoke adjustment screw. 

3. Move the yoke slightly in the direction of 
rotation for a leading angle and counter 


direction for lag angle. Make incremental 
adjustments using a screwdriver or a bar for 
leverage. 



Figure 10-29. Brush yoke adjustment. 
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4. Tighten the brush yoke. 

5. Apply power and full load to the machine. 

6. Observe if commutation has been improved 
due to the adjustment 

7. If arcing is worse, remove power, and repeat 
Steps 2 to 6. 

Brush Holders 

Check the brush holders for cleanliness and freedom 
from obstructions. Clean them with a solvent if they 
appear dirty or have grease and oil in them. Remove 
any stubborn spots or burrs with No. 00 sandpaper. 
Insert the brush and check it for freedom of movement. 
Check the side play. If the brush does not move freely 
without wobble, replace it. Sand the sides of any brush 
that fits too tightly with a medium-coarse sandpaper. 
The fit must be close while giving the brush freedom of 
movement in the holder. 

Set brush holders at a maximum of 1/8 inch above 
the commutator. Distances greater than this allow too 
much movement of the brush. If the brush holder is set 
too close, there is danger of the brush holder rubbing 
against the commutator and causing damage. If the 
manufacturer specifies a distance, set the holder ac¬ 
cordingly. 

Use the following procedure for setting the distance 
of the brush holder from the commutator (Figure 
10-30). 

1. Loosen the fastener that secures the brush 
holder. 

2. Insert a fiber strip or gauge with the proper 
thickness between the brush holder and the 
commutator. 

3. Move the brush holder down until it rests 
firmly on the gauge. 

4. Tighten the fasteners. 

5. Remove the gauge. 

Fitting Brushes to the Commutator 

Sand new brushes to the shape of the commutator to 
assist the brushes in seating themselves. Use a me¬ 
dium-coarse grade of sandpaper for this purpose. Fol¬ 
low the procedure below figure 1()-31). 

1. Use a strip of sandpaper that is wide enough to 
cover the brush completely. 


PRESSURE 
BRUSH SPRING 



Figure 10-30. Spacing brush holder from commutator. 

2. Place the sandpaper strip between the brush 
and the commutator with the sanding surface 
against the brush. 

3. While holding down on the brush with one 
hand, pull the sandpaper through with the 
other hand. 

4. Sand in the direction that tends to push the 
brush up into the hold^ for leading and 
lagging brushes. The direction of sanding 
would be reverse that shown in Figure 10-31 
for a lagging brush. Radial-mounted brushes 
can be sanded in both directions. 

5. Lift the brush and put the sandpaper back in 
place. Eliminate this step for radial-mounted 
brushes since the sandpaper can be worked in 
both directions. 

6. Continue the process until a good fit is 
achieved between the brush and the 
commutator. 

7. When the machine has been put in operation, 
apply a brush seating stone to the commutator 
to improve the fit 

8. Aft©r the brushes have been firmly seated, 
clean the commutator of any residue resulting 
from the sanding. If possible, when using 
compressed air, direct the air from the back of 
the commutator and away from the motor. 

Staggering Brushes 

Current flow is electron flow. Polarity of current is 
from negative to positive for the external circuit. Wear 
on the commutator differs for current flow from brush 
to commutator as opposed to current flow from com- 


270 



Maintenance and Troubleshkxxtino 




Figure 10--31. Shaping brush to commutator surface. 


mutator to brush for a DC machine. Brushes are 
staggered on the commutator to provide for even wear 
under the brushes. 

Figure 10-32A illustrates the correct method for 
staggering the brushes. Brushes of opposite polarity 
track each other. This procedure helps prevent groov¬ 
ing of the commutator. 

The method of staggering brushes in Figure 10-32B 
is incorrect. In this case, brushes with the same polarity 
follow each other. This will aggravate the pitting and 
wear on the commutator. 

It is not possible to stagger all the brushes in 
accordance with Figure 10-32A when the machine has 
a number of poles equal to two times an odd number. 
Under these conditions, stagger all but one set of 
positive and negative brushes according to the correct 
method. This set can then be aligned with any two 
adjacent rows. 

Spacing Brushes around the Commutator 

Brushes must be evenly spaced around the commuta¬ 
tor in order for the machine to operate effectively. 
When spacing is uneven, excessive currents are often 
present which will cause overheating of the armature 
and destruction of the brushes. 

Any time brushes are replaced, or the studs and 
holders are adjusted, check the brushes for proper 
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(A) Ccrrect staggering. 



{B) Incorrect staggering. 


Figure 10-32. Commutator brush positions. 

spacing. Small changes in the brush rigging can be 
accumulative which result in serious error in the brush 
spacing. 

To check for proper spacing, wrap a piece of paper 
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aroiuid the circumference of the armature. Carefully 
mark the point where the paper overU^s and where the 
toe of each brush group contacts the paper (Figure 
10-33). 


PAPER STRtP 
WRAPPED 



Figure 10-33. Spacing brushes around the commutator. 

Remove the paper. Cut the paper at the lap. Measure 
the length of the paper. This will be the circumference 
of the commutator. Divide the circumference by the 
number of brush groups. The result is the equally 
spaced distance which should be between the toe 
marks. 

Measure the distances between the toe marks. If the 
distances correspond to the results of the calculations, 
no further action is necessary. 

If the distances between toe maiks are not equal, 
perform the following procedure. 

1. Divide the distance of the circumference into 
as many equally spaced segments as there are 
brush groups. This can be done either by using 
a ruler and pencil or by folding. 

2. Draw a line squarely across the width of the 
paper at each mark or crease. 

3. Replace the piece of paper under the brushes. 

4. Align the paper so that the toe of the Hrst 
brush group is in line with one of the lines. 

5. Check for the proper alignment of the other 
brush groups. If the toes of the oth^ brush 


groups are not on their corresponding mark, 
adjust the brush holders. 

Electrical Tests of Windings 

Before assuming a motor is defective and consuming 
considerable time performing electrical tests, take the 
time to observe the conditions of the circuit. If the 
motCH* is still running, measure the line current using a 
clamp-on ammeter. The use of this instrument elimi¬ 
nates the need to disconnect the leads in order to 
connect an ammeter in series with the line. A typical 
AC split-core multimeter with clamp-on ammeter 
capabilities is shown in Figure 10-34. 



Figure 10-34. Clamp-on ammeter. 


Compare the ammeter readings with the full-load 
current rating on the nameplate of the motor and the 
values recorded when the motor was put into s^ice. 
Current should be within 10% of the rating with the 
motor under full load. In three-phase systems the 
current should also be balanced. Unbalanced current 
may indicate a problem with one of the motor wind¬ 
ings. 

If these values vary signiOcantly, measure the 
voltage(s). They should be within 10% of their ratings. 
Three-phase voltages should be about equal in value. 
The cl^p-on ammeter in Figure 10-34 is also an AC 
voltmeter and can be used to make these measure¬ 
ments. 
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When the current is high and the voltage low, the 
motor may be the cause. Disconnect the motor from 
the line and measure line voltage. If the voltage sup¬ 
plied to the motor is either too high or too low, this 
condition will need to be remedied before proceeding 
with electrical tests on the motor. 

If the voltage rises to its rated value with the motor 
disconnected, the chances are the motor will be at 
fault. Check first for an increase in the mechanical load 
before assuming an electrical problem. Increased load 
may result from a mechanical fault with the motor such 
as a bad bearing or the depletion of the lubricant, as 
well as an increase in the driven load. In any of these 
cases, the motor will draw too much current with a 
resulting decrease in line voltage. 

Electrical faults in a motor are mostly due to failure 
of the insulated windings. Windings will fail due to the 
motor operating at a temperature above its rating. This 
condition can be caused by an overload or poor venti¬ 
lation. Exposure to moisture, corrosive atmospheres, 
dust, or metallic filings will provide the circumstances 
for premature failure. In addition, an electrical spike 
on the power line may cause damage to the windings. 

Before beginning time-consuming electrical tests, 
use your senses of smell, vision, and touch to locate the 
problem. When windings bum out, they often omit the 
odor of burned varnish. Smoke may be present or the 
windings may be charred and blackened. The area 
around the fault can have a much higher temperature 
than the surrounding metal. Some failures are not 
immediately detectable in this manner, and electrical 
testing may be necessary. 

Run the motor unloaded first. Carefully observe its 
perfcamance. Loc^ for unusual noise, vil^aticHi, changes 
in speed, and overheating. 

Failure of the insulated windings will cause one or 
a combination of three types of faults. These are 
ground fault, short between windings, or an open 
winding. A ground fault or shorted windings are usu¬ 
ally the cause for a winding to open. 

Sev^al test methods may be used to determine 
electrical faults with the rotor and windings of a motor. 
Which of these you use is dependent on the availability 
of the test instmments and your ability to correctly 
make application. The following methods are pre¬ 
sented for your consideration. 

1. Test lamp method 

2. Ohmmeter method 

3. Megger method 


4. Growler method 

5. Millivoltmeter method 

6. Voltmeter method 

7. Impedance method 

Examples of how to make these various tests on a 
machine are explained in the following sections of this 
text. No attempt has been made to cover all possible 
tests for every conceivable defect. At least one ex¬ 
ample is given for each method. Two or more examples 
are provided using some of the methods. 

Test Lamp Method 
for Finding Ground Faults 

It is simple to make a test lamp for testing a motor. 
Figure 10-35 depicts such a circuit. Although you can 
use the bare wires for making measurements, line 
voltage may be present between the terminals. For 
safety and convenience sake, use an insulated alligator 
clip on one wire and a probe on the other end. Use a 
small wattage lamp of 10 to 25 watts. This will limit the 
current flow. Save the test lamp for use on future 
problems. 



LAMP 

- ^ ^ 

POWER test 

SOURCE LEADS 

- ► 

Figure 10-35. Test lamp circuit. 

Connect the test lamp as shown in Figure 10-36 for 
finding shorts to ground on an armature of a motor. Use 
the following procedure in making this test 

1. Connect the alligator clip to the shaft of the 
armature. 

2. Apply power to the system. 
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3. Touch the probe to the shaft to determine if the 
lamp will light 

4. Touch the probe to each successive bar of the 
commutator. 


The lamp should not light if the bar is insulated from 
ground. It will light if the bar has a short path to ground. 



Figure 10-36. Testing aimatuie for grounds 
using a test lamp. 

This test can be used to check wound rotors as well 
as armatures. The only difference is that the probe will 
be placed on the slip rings rather than the ^s of the 
commutator. 

Stator windings can be checked for grounds in a 
similar manner (Figure 10-37). The alligator clip is 
attached to the stator’s frame. The probe is connected 
to each of the windings. If the lamp bums with full 
intensity, there is a direct short between the winding 
and ground. If the lamp bums with less than full 
intensity, there is a high resistance ground. The wind¬ 
ing may be shorted to the frame in the middle of the 
winding to provide enough opposition to current to 
reduce the current flow through the lamp. 

It is not necessary to disconnect the star point to 
determine if the stator windings are shorted. This 
would be done only if you were interested in locating 
which of the windings was shorted. Under short to 
ground conditions, in most cases, the machine would 
be sent to a motor shop for repair, or you would replace 



Figure 10-37. Testing stator windings for grounds 
using a test lamp. 

the motor. Therefore, there is no need to locate the 
defective winding. 

Ohmmeter and Megohmmeter Tests 
for Ground Faults 

To make ground fault checks using the ohmmeter or a 
megohmmeter, connect the meters in the same manner 
as shown for the test lamp setup shown in Figures 
10-36 and 10-37. The lamp circuit is rq>lac^ by 
either the ohmmeter or the megohmmeter. One lead of 
the meter is attached to the shaft of the armature, and 
the other lead is moved from one commutator bar to the 
next in an orderly progress. 

Neither of these meters requires an external source 
of power. The ohmmeter has an internal battery for this 
purpose, and the megohmmeter has an internal genera¬ 
tor. 

A deflection by the ohmmeter on any bar indicates 
a short path. Unless the short is visually observable and 
easy to remedy, the armature will be sent to the motor 
shop for repair or be replaced. 

Because the ohmmeter uses a low-voltage source, 
the lack of deflection does not absolutely rule out a 
grounding path. If a higher voltage is applied, a high- 
resistance ground may be detected. For this reason, it 
is better to use the megohmmeter for this test 

The megohmmeter applies a voltage of about500 to 
1000 volts between the commutator bars and the shaft. 
These higher voltages may flash a short to ground 
which the low voltage of the ohmmeter was not ca¬ 
pable of detecting, A reading of zero ohms indicates a 
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i^ort, and you would have probably found the same 
condition with the dunmeter. On the other hand, the 
megger may indicate a high-resistance short between 
0 and 500,000 duns. The armanue wUi need conec- 
tive maintenance or replacement if this condition is 
found to exist 

Growler Method for 
Finding Ground Faults 

A growler is nothing more than an inductor whose field 
is allowed to pass through an armature or the stator 
fields. It gets its name from the fact that when used to 
test for short circuits a vibrating noise is heard. 

There are two types of growls. These are the 
external growler which is used to test armatures, and 
the internal growler which is used to test the stator 
windings of the motor. Figure 10-38 shows the exter¬ 
nal growler, and Figure 10-39 depicts the internal 
growler. 



Figure 10-38. Typical external growler. 



Figure 10-39. Typical internal growler. 


The external growler can be operated with the test 
light as well as a growler. Its op^tion under these 
conditions is the same as for the test lamp circuit which 
was previously discussM. 

The amount of test voltage is variable to provide 
more positive readings. A test blade is furnished for 
some of the tests. The instrument also has test leads 
attached to it which are not shown. 

Figure 10-40 ^ows a more detailed drawing of the 
growler core. The core has the coils wrapped around it. 
It is laminated to reduce eddy currents. It can be 
removed from the instrument to make the testing of 
some armatures easier. The distance between the two 
jaws is adjust^le to accommodate different sizes of 
armatures. 

armature 



Figure 1040. Gtowlarcorc. 


To test an armature for ground faults, perform the 
following sequence. 

1. Place the armature in the jaws of the growler 
core. 

2. Adjust the jaws for a proper fit 

3. Connect the instrument to an AC source of 
power. 

4. Connect one test lead to the shaft of the motor. 

5. Touch each commuter bar individually with 
the other test lead. 

If there is a spark when making and breaking 
contact with the commutator bar, then a ground fault is 
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present Lack of a spark indicates a no-fault condition. can be used to hold the wires against the selected 

Figure 10-41 depicts this lest procedure. commutator bars. Set the riieostat to its highest resis¬ 

tance. 

Use the following procedure in making the test 



Figure 10-41. Checking armature for ground fault 
using a growler. 


Millivoltmeter Method 
of Finding Ground Faults 

Figure 10-42 depicts the test setup for using a milli¬ 
voltmeter to check for ground faults in an armature. To 
make this test, connect one side of a 1.5-volt dry cell to 
one of the commutator bars, and the other side of the 
battery to a rheostat. Connect the other side of the 
rheostat to a second commutator bar several segments 
away from the first connection. A strong rubber band 


1. Connect the millivoltmeter across the output 
of the batt^ circuit. Observe polarity. You 
may want to use a voltmeter to measure the 
ouqiut of the circuit before connecting the 
millivoltmeter to assure yourself the voltage is 
lower than the full-scale rating of the milli¬ 
voltmeter. 

2. Adjust the rheostat so that the meter deflects 
about three-quarter scale. 

3. Disconnect the meter from the output of the 
battery. 

4. Connect one lead of the meter to the shaft of 
the motor to obtain a good ground connection. 

5. Touch the other lead of the meter to each 
segment of the commutator between the 
battery connections until all the bars have been 
tested. A zero deflection of the meter indicates 
that no ground fault exists. 

6. Move the battery connection to the next group 
of commutator bars. Repeat steps 5 and 6 until 
all segments have been tested. 

Voltmeter Method for Finding Ground Faults 

A voltmeter can be used to find ground faults. Figure 
10-43 depicts the circuit. Make all connections for this 
test with power removed from the circuit 



Figure 10-42. Checking armature for ground faults using the millivoltmeter method. 
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Connect one lead of the voltmeter through a fuse to 
the ungrounded side of the power line. Be sure the 
meter *s voltage range is set to an AC range greater than 
the line voltage. Connect the other lead of the meter to 
one lead of the stator’s windings.The grounded lead of 
the power line is attached to the metal frame of the 
motor. This arrangement will place the high resistance 
of the meter in series with the stator windings in the 
event a ^ort circuit to ground is present Apply power 
to the circuit 



POWER 

LINE 


Figure 10-43. Voltmeter method 
for fmdmg ground faults. 

If the meter reads zero volts, the windings are not 
grounded. A reading of full, or nearly full, line voltage 
indicates that the windings are grounded. A partial 
reading of the source voltage, no matter how small, 
indicates a high resistance ground. 

To locate the exact shorted winding on an AC 
machine, it is necessary to disconnect all the windings 
and test them individually. On a DC machine, the field 
is checked first. Some of the circuit coils on the motor 
may be intentionally grounded. These coils must be 
disconnected from ground to make this test valid. 

All the previous methods described for finding 
ground faults in armatures, except the millivoltmeter 
test, are applicable to the stator windings. The voltme¬ 
ter method is only recommended if you do not have an 
ohmmeter or megger. 

Testing for Open, High-Resistance, 
or Shorted Windings 

The simplest method for testing for open or high 
resistance windings is to use the ohmmeter. Readings 
for each winding can be compared to the others to 
detect differences in the readings. When tha*e is no 
deflection by the meter, the winding is open. Figure 
10-44 illustrates this method. 

Because the shunt, series, and armature windings 
will all have different values of resistance, they cannot 
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Figure 10-44. Locating open faults in die windings 
of a DC compound motor using an ohmmeter. 

be compared for high-resistance faults. The shunt 
winding will have the highest resistance of the three 
circuits, and the armature the lowest. If the connection 
between the windings in the series and shunt fields can 
be open, then the individual windings of each field can 
be compared to the other respectively. 

If the armature winding is showing a fairly high 
reading, check the conditions of the commutator and 
the brushes. Correct any problems before continuing 
the measurements. 

Check the resistance of individual armature wind¬ 
ings by rotating the commutator segment by segment 
and taking an ohmmeter reading for each segment. 
Each reading should be equal. If you experience diffi¬ 
culty using this method, remove the brushes and make 
readings between each adjacent commutator bars. 

A reading between zero ohms and the value of the 
other windings would indicate a partial shorted wind¬ 
ing. A high reading indicates a high resistance prob¬ 
lem. This problem normally occurs at the solder joint 
on the commutator and can be repaired by soldering 
the joint 

Other test instruments are also appropriate for de¬ 
termining an open fault. The test lamp will not light if 
a winding is open. It will bum brighter in the event of 
a shorted winding. 

The megger will indicate a very high resistance if 
the winding is open. It will deflect to zero ohms with 
the least turn of the hand crank generator if the circuit 
has continuity. Meggers are of little use in detomining 
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short-circuit conditions because of the low resistance 
of the windings. They are excellent, however, in deter¬ 
mining if diere is a ^ort between the windings. 

The millivoltmeter method fcH* testing the armature 
can also be used. The ground lead of the mctisr as 
shown in Figure 1(M2 would now be attached to the 
adjoining commutator bar to take the reading across a 
single winding. If the readings are too far downscale, 
decrease the amount of resistance in the test circuit, or 
reduce the number of segments that are under test at 
any given time. 

If the armature winding is open, the meter would 
read the full three-quarter scale deflection that was set 
at the beginning of the test. The full voltage will be 
across the open circuit. After taking the reading on one 
winding, the leads of the meter would be placed across 
the next winding. Readings across each winding will 
be equal if the windings are good. A zero reading 
would indicate a shorted winding. 

Figure lQ-45 illustrates the use of the millivoltme¬ 
ter to locate open faults in the stator windings of an AC 
machine. Use the following procedure for making the 
measurements. 

1. Using a 1.5-volt battery, a rheostat, and a 
millivoltmeter, wire the circuit 

2. With maximum resistance, short the leads of 
the test circuit and adjust the millivoltmeter so 
that it reads ^out thi^-quarter scale deflec¬ 
tion. 

3. Check similar windings in the circuit and 
compare the values. 



Figure 10-45. Locating faults in stator windings 
using a millivoltmeter. 

No reading of the millivoltmeter indicates an open 
winding. A low reading indicates a high-resistance 


condition. Ahigh reading indicates shorted turns in the 
windings. 

An external growler can also be used to check for 
open and shorted windings on the armature. This test is 
the exact same as for using the combination of the test 
lamp and the ohmmeter when the test leads are used. 
The test leads are connected to each set of adjacent 
bars. The lamp will light or the meter will deflect if 
there is continuity of the winding circuit. The lamp will 
not light or the meter will not deflect if the winding is 
open. The lamp will not tell you if there are shorted 
turns, but the meter will. Compare the readings for 
each winding. The values should be the same. A high 
reading in respect to the other readings indicates a 
partial open winding. Alow reading indicates a partial 
short. 

The external growler can also be used to determine 
if there is a short between the windings of an armature. 
In this case the armature is placed in the jaws of the 
growler. The growler is energized. The test blade or a 
hacksaw blade is placed on the top slot of the armature. 
Move the blade to the slot on the left, and then return 
it to the top slot Then move it to the slot on the right. 
Turn the armature to the right so that the next three 
slots to the left are on the top. Repeat the blade test for 
these slots. Continue the procedure until all the slots 
have been tested. If there is a short circuit between the 
coils, the blade will vibrate noticeably (Figure 10-46). 



Figure 10-46. Using external growler to detennine 
shorts between windings on an armature. 

An armature that has cross-connections or equaliz¬ 
ers cannot be tested using the test or hacksaw blade. 
The blade will vibrate at every slot giving a false 
reading that the coils are shorted. Other types of wired 
coils may give indications of shorts over more than one 
slot. When you have doubts about the results of your 
test when using a growler, use a meter test that will give 
positive results. 
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The internal growler method is practical only for 
AC stators. Figure 10-47 illustrates this method. 




Figure 10-47. Testing for shorts and opens 
using an internal growler. 


With the windings open, place the growler over a 
slot. Move it to each slot until each has been checked. 
A growler with a built-in feeler-blade will give off a 
noticeable buzz if any of the windings is shorted. If the 
growler has a meter, it will deflect on the shorts. 

To check for open circuits, short-circuit each indi¬ 
vidual coil onto itself. Under this condition, the growler 
must buzz, or the meter deflect, at each of the slots. The 
absence of a buzz or meter deflection indicates an open 
coil. 

If a motor has parallel windings, the windings must 
be separated from each other. Growlers are not effec¬ 
tive when the windings are connected in parallel with 
each other. 


A good way to test for shorts in an armature of AC 
motors that uses brushes to complete the coil circuits is 
to remove the brushes. Apply power to the stator. 
Because the armature is open, it will not turn. Turn the 
armature slowly by hand. It should turn freely. If there 
is humming or the armature resists being turned, a 
short exists in the armature coils. 

Impedance Test for Wound Rotors 

The following procedure is good for testing wound 
rotor motors up to one horsepower. Perform the steps 
listed below for this test 

1. Clamp the rotor so that it cannot turn. 

2. Lift the brushes from the slip rings. 

3. Short-circuit the slip rings. 

4. Wire the test circuit as shown in Figure 10-48. 

5. Connect the test leads to each phase in turn. 
Limit the current to the FLC on the nameplate 
of the motor. 

6. Slowly turn the rotor a complete 360 degrees 
opposite the normal direction of rotation for 
each phase. 

7. Record maximum and minimum values of 
current for each phase. 

Phase voltages and currents should be close in value 
to each other. Lack of balance indicates a short circuit 
in the rotor. If the rotor tends to lock in position at any 
point, an open winding is indicated. 

This test setup can also be used to check the condi¬ 
tion of the stator windings. 

1. Remove the shorting connector from the slip 
rings. 

2. Connect the test leads to each phase in order. 

3. Record the voltage and current for each phase. 
Limit the current to the FLC value. 

4. Determine the impedance of each phase by 
dividing the voltage by the current (E/I). 

5. Compare the values. 

A difference in impedance indicates a problem with 
one of the windings. Open circuits and high-resistance 
joints will result in a high impedance calculation. 
Shorted coils or turns will provide a lower than normal 
impedance. 

Once the rheostat is set, the voltmeter will indicate 
about the same value for each test. If this value varies 
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Figure 10-48. Stationary impedance test for locating shorted or open coil on a wound rotor. 


more than 10%, disconnect the test setup and measure 
the voltage on each phase. This should have been done 
before starting tests on any motor. The problem can be 
the source voltage rather than the motor. 

Tests for Motor Capacitors 

Outside of keeping capacitors clean, they require little 
or not preventive maintenance. Do not allow dust, dirt, 
grease, oil, or any metallic particles to collect between 
the terminals. This can result in insulation breakdown 
between the terminals and cause arcs. Keep the cases 
clean so that the heat generated by the capacitors can 
transfer to the surrounding air. Most motor capacitors 
have about 60,000 hours of life for continuous opera¬ 
tion at the rated voltage and temperatures not in excess 
of 70X. 

Capacitors do need to be observed and checked 
from time to time as part of the routine maintenance 
program. Remember that a capacitor can retain its 
charge even though power has been removed from the 
circuit. Always discharge capacitors with a grounding 
rod before working on them. 

Note the motor *s operation. If the motor is coming 
up to speed, developing normal torque, and is operat¬ 
ing at speed, the capacitor is probably all right. If not, 
a further check of the capacitor’s condition is indi¬ 
cated. 


Observe the capacitor for swollen case or leakage of 
its electrolyte. If either of these problems exists, re¬ 
place the capacitor. 

Check for a shorted capacitor using an ohmmeter. 
Be sure the capacitor is discharged before connecting 
the meter. A capacitor can store enough energy to 
destroy the meter. 

Set the ohmmeter on its highest multiple. Connect 
the leads across the capacitor. On a normal capacitor, 
the meter will deflect upscale and quickly fall back to 
a very large ohmmic value. If the capacitor reads zero 
ohms or a very low value of resistance, it is bad. 
Replace it. Full-scale reading on the standard ohmme¬ 
ter represents 0 ohms (Figure 10-49). 

If the capacitor fails to deflect upscale when the 
ohmmeter is set to a high multiplier, the capacitor is 
probably open. Replace it. With very small capacitors 
[picofarads (pF)], you may not get a deflection. This is 
normal. All capacitors used with motors, however, are 
much larger. If you repeat the test because of not 
watching the meter closely, be sure to discharge the 
capacitor. It will charge to the potential of the battery 
voltage of the meter. 

Neither of these tests is absolute because of the low 
voltage utilized by the ohmmeter. The short test may 
indicate the capacitor is good, but when the AC line 
voltage is applied, it has a large current leakage. In 
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Figure 10-49. Testing a capacitor for shorts and opens 
using an ohmmeter. 


Figure 10-50. Test circuit for capacitors. 


addition, the ohmmeter test will not tell you if the 
capacitor has changed in value. 

There are commercial capacitor testers on the market 
These testers allow for rated voltage testing of the 
capacitor while measuring its current leakage. In addi¬ 
tion, these instruments have a capacitor bridge circuit 
which allows for the determination of the farad value 
of the capacitor. When this type of device is available, 
learn to use it. In the majority of the cases, you will not 
have a capacitor checker, so another method is needed. 

Set up the circuit as shown in Figure 10-50. It is a 
good idea to fuse the circuit in the event maximum 
resistance is not in the circuit when it is energized, and 
the capacitor is in a shorted state. 

Disconnect the capacitor from the motor circuit 
while making this test. Most manufacturers of motors 
use brown insulated conductors to connect the capaci¬ 
tor to the circuit. One of the brown leads may have a 
tracer color running its length. Set the rheostat so the 
maximum resistance is in the circuit before applying 
power. 

If the current flow through the capacitor and the 
voltage across it are known, the value of capacitance in 
microfarads can be calculated using the formula 

C - IK/V 

K is a constant equal to 

1//'JttT! V 1 * 000,000 

K=l/(27cFXia^)=^28X60 

For 60 hertz, K equals 2650. This constant is derived 
from the capacitive reactance formula. The value of K 
will change with a change in frequency. 


Assuming 120 V AC across the capacitor and a current 
of 2 amperes as shown in Figure lG-50, the value of the 
capacitor would equal 

C = (2AX2650)/120V 
= 44.16 mF 

Most motor capacitors have a tolerance of 20%. If 
the experimental farad value of the capacitor is not 
within 20% of its rated value, replacethe capacitor. The 
acceptable range of the capacitor in this example is plus 
or minus 9 microfarads, or from 36 to 54 microfarads. 

Troubleshooting Techniques 

During my working career, I have known electricians 
and technicians who seldom touch a piece of test 
equipment when troubleshooting a defective piece of 
equipment. Without exception, each of these people 
made exceptional application of their senses and was 
able to translate any given set of symptoms into the 
component part which was defective. Most of these 
electricians and technicians worked on a limited amount 
and type of equipment. Over a period of time, experi¬ 
ence taught them well about the equipment for which 
they were responsible. 

Placed in the same circumstances, you too will be 
able to correct problems in the same manner. This does 
not relieve you of the responsibility of knowing how to 
use test instruments and being able to interpret the 
information the instruments provide. The proper use of 
test instruments is necessary because electricity can¬ 
not be seen. Its effects can, however, and the electrical 
parameters can be measured. 
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Besides the common test equipment described in 
this text, other types are available with which you may 
need to become familiar. There are special motor test 
sets which are designed to perform electrical tests on a 
wide range of motors or on a particular motor. Motor 
control centers may have special instrumentation for 
the motors under their control. Brush recorders and 
oscilloscopes are necessary at times to record or ob¬ 
serve transients on the power line which may cause 
some difficulties to motor operation. Solid state con¬ 
trol devices are often susceptible to power surges and 
transient voltages. Harmonics of the power frequency 
may cause difficulties with some motor operations. 
These can only be detected using a device such as a 
scope or recorder. 

All of the exceptional troubleshooters I knew also 
used test instruments at times. This was particularly 
true in determining the cause of a given failure of a 
single component that recurred at some regular inter¬ 
val, or when a new or diff^erent piece of equipment 
became their responsibility. Each of these people had 
developed a logical sequence that they used to locate 
electrical problems. They were students of their field 
of expertise and not mere changers of parts and equip¬ 
ment. 

Determining if Motor Is at Fault 

A motor system consists of four major components. 

1. Power supply 

2. Controller 

3. Motor 

4. Load 

When a motor problem occurs, it is first necessary 
to determine which of these components is at fault. 
Power supplies and controllers can fail at an equal rate 
if not more frequendy than the motor itself. Mechani¬ 
cal loads can increase due to an increased size of the 
load the motor is driving, or failure of bearings or 
coupling mechanisms. 

Use the following procedure to determine if the 
motor is at fault. 

1. Disconnect the motor from the controller. Be 
sure to tag all the leads so that they can easily 
be replaced when putting the motor back into 
operation. In this process you may find the 
problem to be a loose connection that was 
previously overlooked. 


2. Operate the controller to start the motor. 

3. Measure the input voltages to the controller. If 
these voltages are not present, or they vary 
more than 10% of the rated voltage of the 
motor, the power supply is the probable cause. 
Correct this problem before proceeding with 
further tests. 

4. Assuming the power source is acceptable, 
activate the controller to start the motor. 
Measure the output voltages of the controller. 
Proper voltages need to be present at the ap¬ 
propriate time intervals. If not, the controller 
will be at fault. It is beyond the scope of this 
text to discuss control circuits. If you have 
doubts about whether the controller is the 
problem, proceed with the next steps to 
determine if a motor fault exists. 

5. Check the mechanical coupling between motor 
and load. Disconnect the coupling. Turn the 
rotor of the motor to see if it moves freely. 

6. Connect the motor directly to the power 
source and bypass the controller. Do not 
attempt to operate a DC series motor without a 
load. 

a. Measure the input voltages. If the load 
voltages have topped more than 3% from 
the no-load voltages, the supply system 
does not meet the requirements of the NEC. 
The motor may be drawing more current 
than the circuit rating. 

b. Measure the input currents with a clamp-on 
ammeter. Disconnect the motor immedi¬ 
ately if the currents are above the FLC 
ratings. An unloaded motor should draw 
one-quarter to one-third its rated FLC. If 
the currents are much greater than this, the 
motor is the probable cause. Currents 
should be balanced on three-phase motors. 
Unbalanced currents indicate a motor 
problem. 

c. Correct the deficiency in the power system 
if the motor is within current rating and the 
voltage drop is still more than 3%. 

d. Assuming proper voltages, currents, phases, 
and frequency, listen for unusual noises and 
vibrations. These can be caused by either 
mechanical or electrical problems. Some 
noises are normal. AC motors have a char¬ 
acteristic hum which is not objectionable. 
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Air for ventilation contributes to the 
motors’ noise. Experience will help you to 
determine when either of these noises are 
abnormal. 

e. Feel the motor for hot spots. Check the 
motor’s temperature. Poor ventilation and 
electrical faults can cause temperature rise 
above the motor’s rating. 

f. Check the motor’s RPM with a tachometer. 
Unloaded induction motors will run near 
the synchronous speed. If this value is too 
low, the motor has a problem. Synchronous 
motors will either run at the synchronous 
speed or not at all. 

Isolating the Defective Component 

Once you have determined for sure that the motor is at 
fault, it is necessary to locate the problem with the 
motor. Some faults can easily be corrected, while 
others are major, and the motor will be sent to the shop 
for repairs or replaced. 

The first step in isolating a defective component is 
to analyze the information you already know about the 
motor. The knowledge you have gained in your basic 
studies about motors will serve you well in this proc¬ 
ess. Compare this information with the data you have 
collected so far in the troubleshooting process. Consult 
the equipment’s maintenance card for the history of the 
motor and for further clues. 

Different motors have different components that 
present common symptoms. Any motor may not start 
when power is applied. The cause may be a defective 
centrifugal switch on a split-phase motor, an open 
capacitor on a capacitor-start motor, or a broken brush 
on a DC motor. At the same time, there are common 
components that affect all motors the same. If the 
bearings are frozen on any motor, the motor is going to 
exhibit bad behavior and not start 

The next step is to separate the mechanical prob¬ 
lems from the electrical problems. You have already 
gone a long way in performing this task by freeing the 
motor from its load and checking the freedom of the 
rotor. When a mechanical binding is found, correct this 
problem first 


Most mechanical and electrical problems can be 
observed readily. Use your sensory powers to isolate 
the one from the other. Both may exist A mechanical 
problem may have caused an electrical one. 

Once you have reasonably assured yourself that no 
mechanical problem is present, or you have corrected 
it, try running the motor again. If a problem persists, 
electrical tests are in order. Know your test instruments 
and follow the manufacturer’s recommendations for 
the safe use of the devices. 

The order of the electrical tests will depend on the 
symptoms and the type of motor. Most electrical faults 
can be found using a test lamp, ohmmeter, or megohm- 
meter. Check the motor components for opens, ground 
faults, and shorts between components. 

It has been my experience that the most difficult 
problems are those that are intermittent, or when 
conditions change during the troubleshooting process. 
The motor will test well on the bench, but when it is put 
back into operation, the problem reoccurs. 

Intermittent problems are usually caused by a dirty 
contact or a loose connection that has been over¬ 
looked. Conditions can change. For example, servic¬ 
ing a vertically mounted motor in a horizontal position 
is not the same as when the motor is in operation. A 
short that exists in one position may not exist in the 
other. A dirty contact or loose connection may be in the 
controller and not the motor. A good motor is almost 
impossible to repair. This can be frustrating at a mini¬ 
mum, and may invoke some strong language when the 
problem is finally corrected. 

Troubleshooting Data for Motors 

For the purpose of this section, we will assume the 
complete system: power supply, controller, motor, and 
load are all connected. The symptom is listed in Chart 
10-1, along with the possible causes of the malfunc¬ 
tion, and the probable remedy is given. Many of the 
causes for motor circuit malfunctions are common to 
all motors. The causes and remedies are given in these 
scenarios first. Following these common factors, the 
data about components for particular types of motors 
are listed. 
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Chart 10-1. Motor Troubleshooting Data 
Possible Cause Remedy 

1. Motor Fails to Start 


Blown fiise or open breaker 
Low voluge 


Frozen bearings 
Mechanical overload 


Open or shoned field 
Open or shorted rotor 
Overload open 
Controller defective 


Centrifugal switch 


Capacitor 
Centrifugal switch 

Centrifugal mechanism 
Brushes and commutator 

External resistors 

Exciter circuit 


Control resistors 
Brushes and conunutator 


All Motors 

Check fuse or breaker. They must have a minimum rating of at least 125% of FLC. 

Check with voltmeter. Detemiine cause of the low voltage. If other electrical machinery is on the same 
line« turn them off one at a time to deteimine if one of them is the cause. Check transformer or the 
source. If feeder conductors are too small, reduce the electrical load or replace the conductors. 

Replace bearings aiul recondition the shaft. 

Reduce the load on the motor. Check the air g^. Look for a bent shaft, misalignment of coupling, 
worn or loose bearings, and loose hardware in general. Reduce the friction caused by one or more of 
these conditions. 

Make electrical tests on field windings. If the open or short can be easily located and repaired, do so. If 
not, send the mc^r to the shop for rq>airs or replace it. 

Make elearical tests tm the rotor. If the open or short can be easily located and rq>aired, do so. If not, 
the rotor will need to be rewound or replaced. 

Reset overload. If the motor causes the overload to open after a short period, check for shorts and 
grounds. Check FLC of motor and compare to the setting of the overload. 

Check voltage into and out of controller. If voltage is not present at the output, repair or replace 
controller. Clean artd file the contacts on the controller relay. Dirty contacts can also cause a low 
voltage at the motor. 


Split-Phase Motor 

If the motor hums, and it will run normally if started by hand, the chances are the centrifugal switch is 
not operating properly. Disassemble the mechanism. Clean the contacts. Adjust spring tension. Repair 
or replace. 

CapacUcr-Start and Capacitor-Run Motors 

Test the capacitor(s). Replace if necessary. 

Same as for the split-phase motor. 

Repulsion Motors 

Check the mechanism for proper operation. Disassemble, clean, inspea, and adjust. If defective, 
replace. 

Check brushes for wear and deterioration. Replace if necessary. Check brushes for proper pressure and 
placement from the neutral plane. Clean commutator and check for wear and high mica. 

AC-Wound Rotor Motors 

Test the resistor circuit. Clean slip rings and check the brushes for wear and proper pressure. 

AC Synchronous Motors 

Exciter voltage is being applied when the motor is attempting to start. Make sure the field contacts are 
open and the field discharge resistors are connected. 

DC and Universal Motors 

Check resistor circuits for continuity and rated values. 

Same as for repulsion motors. 


2. The Motor Is Noisy When Running 


All Motors 


Bearings 

Coupling mechanism 
Excessive end-play 


Qieck bearings for wear and proper lubrication. Replace worn or loose bearings. Replace dirty or 
wom-out oil or grease. 

Chedc for bent shaft on motor or load. Straighten if necessary. Measure the alignment of the 
couplings. Realign if necessary. Tighten the coupling. 

Adjust end-play take-up screw, or add thrast washers to the shaft. 
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Possible Cause 
Loose hardware 


Unbalanced motor or load 
Aiigap 

Laminations loose 
Ventilation system 


3. Motor Overheats 


Load 

Windings 

Ventilation system 
Ambient temperature 
Bearings and alignment 


Source voltage 
Rotor 

Centrifugal switch 
Capacitor 

Centrifugal mechanism 

Exciter 

Brushes 


Chart lO-l,—Cant. Motor Troubleshooting Data 

Remedy 

lighten all loose components on the motor and load. Check fasteners on the motor and load mounts. 
Motors with centrifugal mechanisms, brushes, slip rings, and commutators can cause noise due to 
wear and looseness of the mechanisms. 

Balance motor or load. 

Check the aiigap for proper centering of the rotor. Replace bearings if necessary. A dirty aiigap can 

cause noise. Qean the motor. 

lighten laminates. Dip in varnish and bake. 

Clogged filters and blocked ventilation sysmns can cause unusual noises. Check for free flow of 
ventilating air. The motor fan may break or be unbalanced. 


All Motors 

Check ammeter readings against full load current rating of motor. Reduce load or replace with larger 
motor. 

Test windings for shorts, opens, and ground faults. If not easily repaired, send to shop to be rewound 
or replace the motor. 

Remove any obstmctions and clean. 

Temperature of area above amlnent. Lower the ten^rature by improving the ventilation system. 

Bad bearings or poor alignment of the motor with the load can increase friction and cause motor to 
overheat. Replace the bearings and correct the alignment of the motor and load. If the rotor is striking 
the stator poles, the motor will quickly overheat. The end-bells of the motor may not be aligned 
properly. 

If the voltage is too high or too low, the motor will operate at a higher temperature. Correct voltage to 
within 10% of the motor’s rating. 

Rotor frozen or mbbing against stator poles. Check bearings aiKl binding load. 

Split-Phase and Capacitor-Type Motors 

Switch does not open when motor is up to speed. Start winding remains in the circuit. Repair or 
replace switch mechanism. 

Check capacitor. Replace if bad. 

Repulsion Motors 

Qieck, clean, and repair the centrifugal mechanism. Replace if too badly worn. 

AC Synchronous Motors 

The motor is underexcited. Correct voltage by adjusting value or repairing the exciter. 

DC and Universal Motors 

Check condition of brushes, shunts, and pigtails. Replace brushes if necessary. Set ;noper pressure. 
Equalize bmsh tension. 


4. The Motor Produces a Shodt When Touched 


All Motors 

Stator coil Test for grounded coil. Check motor frame connection(s) to ground. Clean and tighten. 

Static charge Check ground connections on the motor. 

5. Motor Stops After Running a Short Period of Time 


All Motors 

Overload relay Take current readings and compare to FLC of the motor. Qieck overloads for proper setting. Reduce 

mechanical load on the motor or r^lace with larger motor. 

See causes and remedies in Section 3 above. 

Replace fuses or reset breaker. 

Ambient temperature is too high. Increase the ventilation to the area. 


Thermal protectors 
Stq^ly voltage 
Ambient temperature 
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Chart 10-1. —Cont. Motor Troubleshooting Data 


Possible Cause 

Remedy 

6. Motw’s Bearings Overheat 

All Motors 

Lubricant 

Bearings 

Lubricating system 

Cooling system 

Shaft and alignment 

Check lubricant It should be clean and at the proper level or fill. May be too much lubricant as well as 
too little. Replace dirty or contaminated lubricant Follow manufacturer's recommendation as to type 
of lubricant Clean bearings. 

Check and replace defective bearings. 

Oil may iwt be reaching the shaft. Check wick or freedom of ring to rotate on ring type of bearings. 

Fan not working or vmtilaticm blocked. Some motors have special systems to circulate a coolant. 

Check for bent shaft and proper alignment. Correct any deficioicies. Bearings may have excessive end 
thrust or side pull. Chedt application of the motm* for the mechanical load. 

7. Motor Has Excessive Arcing at the Brushes 


Most Motors Using Brushes 

Brushes 

Overload 

Bearings, coupling, and load 

Commutator 

Armature 

Field windings 

8. Motor Runs Too Slow 

Check brush wear, pressure, and fit to commutator or slip rings. Be sure brush moves freely in its 
holder. Check brush position in respect to the neutral plane. 

Measure current to motor and compare to FLC rating. Reduce the load. 

Check for any condition which will cause the armature to land and increase the load. Correct any 
deficiencies. 

Clean commutator and burnish. Check to see if it is in round. Remove any rough spots. Look for high 
mica. 

Test for open and shorted winding(s) in the armature. Repair or replace armature. 

Test for shorts, opens, and groimd faults. Correct or replace motor. 


All Motors 

Overload 

Rotor 

Supply voltage 

Chedt all factors such as the mechanical load, bearings, coiq>ling, and alignment of the motor to the 
load which will increase the friction. Correct any of these problems. 

Check for open circuit or high resistance in the rotor circuit This applies to squirrel cage rotors as well 
as wound rotors. Solder, welded, or brazed joints can open or develop high-resistance points. Rotor 
will have to be replaced if open occurs in a die-cast type that has an open bar or defeaive ring. 

Low supi^y voltage will cause the motor to run slow and to oveiheat Correct voltage condition before 
continuing motor operation. 


Synchronous Motors 

Exciter control 

Field is excited too soon. Adjust time-delay relay so the exciter current is not applied until rotor 
nears synchronous speed. 


AC Induction Motors 

Motor 

All AC inducticm motors with the exception of the universal motor run at synchronous speed minus 
slip when unloaded. If the motor will not come up to speed with voltage and frequency of correct 
value when not loaded, the motor has a definite fault. Check for opens, shorts, and grounds. 


Summary and Conclusions 

When troubleshooting motors, a logical and sequential 
procedure is to be used. Without this approach, the 
least suspected part is often overlooked when trou* 
bleshooting any circuit 

Learn to use test instruments correctly. Understand 
what these instruments can tell you about any circuit. 
S tudy your system so you know what to expect in terms 


of voltage, current, and resistance readings provided 
by the meters. 

Many of the basic principles for locating motor 
faults are explained in this chapter. Common symp¬ 
toms and possible remedies to correct motor faults 
were outlined for your consideration. They will never 
be a substitute for the experience you will gain in 
troubleshooting your own systems. Become a student 
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of the subject. It will pay you good dividends in the 
future. 

Keep in mind that temperature, moisture, harmful 
chemicals, dust, and the lack of preventive mainte¬ 
nance are the factors which destroy motors. 

A good preventive maintenance program will greatly 
reduce the hazards and thereby the need to trou¬ 
bleshoot a fault. You will find many potential problems 
before they cause the system to go down. Keep records 
of all maintenance schedules and procedures per¬ 
formed on the motors in your care. Take meter readings 
when the motor is installed and while it is operating 
correctly. If this is done, you will be better prepared to 
perform corrective maintenance in a more orderly, 
efficient, and economical manner. 

Questions 

1. Which electromagnetic device requires more 
maintenance, motors or transformers? Why? 

2. Name two types of maintenance programs. 

3. List several factors that can cause motor 
damage. 

4. Preventive maintenance should take place 

5. Why are motor records important? 

6. What factors determine how often a motor 
must be disassembled for preventive mainte¬ 
nance? 

7. List the basic rules you should follow when 
taking a motor apart 

8. List two precautions to take when removing 
the bell housing from the frame of the motor. 

9. List at least two reasons why motors must be 
kept clean. 

10. The best way to clean dirt and debris out of a 
motor is to use high-pressure air and blow it 
out Why? 

11. May water and detergent be used to clean a 
motor? If so, what precautions must be taken 
before putting the motor back in service? 

12. After a motor has been cleaned several times, 
what should be done to it? 

13. Name the three types of loads exerted on the 
bearings of a motor. 

14. Is it true that the frequency of maintenance 
of a high-horsepower motor is less than that 


of a low horsepower motor when all other 
factors are the same7 

15. Why are hand grease guns recommended 
over power grease guns for lubricating the 
bearings of a motor? 

16. List several reasons why bearings may 
overheat 

17. What is the effect of bad bearings in a 
motor? 

18. What is the best type of tool for removing a 
sleeve bearing? V^y? 

19. Bearing pullers are used to remove what type 
of bearing? Sleeve, ball, or roller? 

20. List the factors necessary for good commuta¬ 
tion. 

21. List the three primary requirements for 
brushes. 

22. List four types of materials used to manufac¬ 
ture brushes. Which of these has the highest 
current carrying capability? 

23. To shape the brush to the curvature of the 

armature,_is used. 

24. What is the effect of brush chatter and 
electrical arcing on brushes? 

25. List all instruments and materials needed to 
measure brush pressure. 

26. Brush holders are positioned about_ 

inch above the commutator. 

27. Why should brushes of different polarity be 
staggered on the commutator? 

28. What type of electrical problems can be 
determined using a test lamp? 

29. To determine if a high resistance short exists 

between windings, the most appropriate in¬ 
strument is the_. 

30. Can a motor’s current be measured without 
disconnecting leads? Explain. 

31. List three factors that may cause breakdown 
of windings’ insulation. 

32. What is the first order of troubleshooting? 

33. How many types of growlers are there? 
Name them. What are their purpose? 

34. Why would an impedance test be better than 
an ohmmeter for detecting a few shorted 
turns in a winding? 
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35. What type of test instalment allows you to 
measure voltage, current, and resistance with 
a single device? 

36. With the brushes removed from the slip rings 
of a wound rotor of an AC motor and power 
applied to the stator windings, the rotor can 
be turned by hand without any opposition or 
buzzing. What does this indicate? 

37. Why is a capacitor checker a better instru¬ 
ment to check capacitors than an ohmmeter? 

38. How do you go about repairing a bad 
capacitor? 

39. Are there any special precautions you should 
take when testing a capacitor? 

40. Using the special circuit in Figure 1Q~50, 
you apply 115 V DC and the ammeter at first 
deflects and then falls back to zero. What is 
the problem? 

41. List the four major components of a motor 
system. 

42. Which of these major components would you 
test first when troubleshooting a motor 
problem? 

43. A motor continually has its overload relay 
operate after a short period of time and take 
it out of operation. What is your first step in 
correcting the problem? 

44. You receive an electrical shock each time 
you touch the enclosure of a motor. List the 
probable causes. 


45. Under normal conditions, if a ground fault 
develops between a stator winding and its 
pole, what should happen? 

46. A c2^)acitor-stait motor does not start turning 
when power is applied. It merely sets and 
hums. If the rotor is turned by hand it runs 
normally. What components in logical order 
are most likely the causes? 

47. The exciter voltage is not present on an AC 
synchronous motor when you attempt to start 
it. What should you do? 

48. A repulsion motor will not start unless you 
shift the brushes on the commutator. What is 
the probable cause? 

49. Why will a motor overheat when the bear 
ings are causing increased friction? 

50. A motor is connected directly to the power 
line though a toggle switch. It runs for about 
20 minutes and turns off. You go to get a 
meter to begin troubleshooting the motor, 
and when you get back, the motor is running 
normally. This cycle repeats. What is hap¬ 
pening? 

51. Why is a preventive maintenance program 
important? 
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General Electric Model 
List Nomenclature 


The following nomenclature is the basis for the major¬ 
ity of GE integral-horsepower motor and generator 
model numbers. The model number format shown 
below is held to 15 digits maximum and provides basic 
descriptive information as follows: 

Model: 5 K 215 A L 205 A E 


Description: 1 2345 67 8 

1. The numeral 5 is used to designate rotating 
electrical machinery. 

2. Electrical-Type Letters 

a. Polyphase 

K NEMA designs A & B 

KAF Adjustable frequency 

KG NEMA design C 

KGS NEMA design C energy saver 

KL Hydraulic elevator 

KOF Oil well pumping 

KR NEMA design D 

KS NEMA design A & B energy 

saver 

KW High efficiency 

KY Special characteristics 

SR Synchronous 

b. Single Phase 

KC Capacitor-start 

KCJ Capacitor-start, high torque 

KCY Special capacitor-start 


c. Wound Rotor 

M Continuous rated 

MR Short-time rated 

d. Generator 

LS Motor generator set 

SJ Synchronous generator 

3. NEMA frame size 

4. First form letter 

a. Group 1. The following take precedence 
over all Group 2 letters (except explosion 
prooO 

M Marine motors 

N Navy motors 

P Partial motors 

T Textile motors 

S Severe duty motors 

b. Group 2 letters are shown in Table A-1. 


Table A-1 


Type 

DP TEFC 

TENV Explosion WPH 
or TEAO Proof 

Footed frame and no 
customer mounting 
rabbets or auxiliary 
devices such as brakes 

A 

B 

H 

C E 

Round frame and no 
auxiliary devices 
such as brakes 

D 

F 

W 

G — 

All others 

J 

K 

K 

R 


* “S” is used for Severe-duty 
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5. Second form letter 

C Cast iron construction—sourced motors 

L Aluminum alloy construction 

N Cast iron construction—old design 

hcMrizontal 

P Aluminum alloy construction-vertical P 

base 

T Cast iron construction-vertical P base 

W Rolled steel construction—180 degrees 

diameter 

S Cast iron construction—current design 

horizontal 

6. Form numbers 

a. Number of Poles. For horizontal motors, 
the first digit in this series represents the 
number of poles divided by 2: 

1 = 2 pole 

2 = 4 pole, 
etc. 

The number 9 is reserved for multispeed. 

b. Input Voltage. The last digit in this series 
designates input voltage for standard hori¬ 
zontal motors only. 

4 = 575 volts 

5 = 230/460 volts 

6 = 200 volts 
8 = 460 volts 


7. First suffix letter 

Denotes interchangeable design change of the 
complete motor. 

8. Second suffix letter 

Denotes special item or thermal device 

a. Special items 

E = Special varnish treatment 
H = Precision balance 
L = Special balance 
K = Steams toke 
N = Dings brake 

F2, Wl, W2, W5, W6, W7, W8, Cl. C2 = 
Special mounting 

b. Thermal devices 

S ,T,X = Klixon automatic reset 
U,W,Y = Klixon manual reset 
J,V = Thermotector system 

M = Sensor, Thermistor, or RTD 

P = Thermostat 
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Values of 

Trigonometric Functions 

Values of the Trigonometric Functions Values of the Trigonometric Functions 


Angle 

Sine 

Cos 

l^n 

Angle 

Sine 

Cos 

Tan 

0® 

0.0000 

1.0000 

0.0000 

31® 

0.5150 

0.8572 

0.6009 

1® 

0.0175 

0.9998 

0.0175 

32® 

0.5299 

0.8480 

0.6249 

2® 

0.0349 

0.9994 

0.0349 

33® 

0.5446 

0.8387 

0.6494 

3® 

0.0523 

0.9986 

0.0524 

34® 

0.5592 

0.8290 

0.6745 

4® 

0.0698 

0.9976 

0.0699 

35® 

0.5736 

0.8192 

0.7002 

5® 

0.0872 

0.9962 

0.0875 

36® 

0.5878 

0.8090 

0.7265 

6® 

0.1045 

0.9945 

0.1051 

37® 

0.6018 

0.7986 

0.7536 

7® 

0.1219 

0.9925 

0.1228 

38® 

0.6157 

0.7880 

0.7813 

8® 

0.1392 

0.9903 

0.1405 

39® 

0.6293 

0.7771 

0.8098 

9® 

0.1564 

0.9877 

0.1584 

40® 

0.6428 

0.7660 

0.8391 

10® 

0.1736 

0.9848 

0.1763 

41® 

0.6561 

0.7547 

0.8693 

11® 

0.1908 

0.9816 

0.1944 

42® 

0.6691 

0.7431 

0.9004 

12® 

0.2079 

0.9781 

0.2126 

43® 

0.6820 

0.7314 

0.9325 

13® 

0.2250 

0.9744 

0.2309 

44® 

0.6947 

0.7193 

0.9657 

14® 

0.2419 

0.9703 

0.2493 

45® 

0.7071 

0.7071 

1.0000 

15° 

0.2588 

0.9659 

0.2679 

46® 

0.7193 

0.6947 

1.0355 

16® 

0.2756 

0.9613 

0.2867 

47® 

0.7314 

0.6820 

1.0724 

17® 

0.2924 

0.9563 

0.3057 

48° 

0.7431 

0.6691 

1.1106 

18° 

0.3090 

0.9511 

0.3249 

49° 

0.7547 

0.6561 

1.1504 

19® 

0.3256 

0.9455 

0.3443 

50° 

0.7660 

0.6428 

1.1918 

20° 

0.3420 

0.9397 

0.3640 

51® 

0.7771 

0.6293 

1.2349 

21® 

0.3584 

0.9336 

0.3839 

52° 

0.7880 

0.6157 

1.2799 

22° 

0.3746 

0.9272 

0.4040 

53° 

0.7986 

0.6018 

1.3270 

23® 

0.3907 

0.9205 

0.4245 

54® 

0.8090 

0.5878 

1.3764 

24° 

0.4067 

0.9135 

0.4452 

55° 

0.8192 

0.5736 

1.4281 

25® 

0.4226 

0.9063 

0.4663 

56° 

0.8290 

0.5592 

1.4826 

26® 

0.4384 

0.8988 

0.4877 

57® 

0.8387 

0.5446 

1.5399 

27® 

0.4540 

0.8910 

0.5095 

58® 

0.8480 

0.5299 

1.6003 

28® 

0.4695 

0.8829 

0.5317 

59° 

0.8572 

0.5150 

1.6643 

29® 

0.4848 

0.8746 

0.5543 

60® 

0.8660 

0.5000 

1.7321 

30® 

0.5000 

0.8660 

0.5774 






293 




Appendices B 


Values of the Trigonometric Functions Values of the Trigonometric Functions 


Angle 

Sine 

Cos 

Ten 

Angle 

Sine 

Cos 

Tin 

6V 

0.8746 

0.4848 

1.8040 

76® 

0.9703 

0.2419 

4.0108 

62® 

0.8829 

0.4695 

1.8807 

77® 

0.9744 

0.2250 

4.3315 

63® 

0.8910 

0.4540 

1.9626 

78® 

0.9781 

0.2079 

4.7046 

64® 

0.8988 

0.4384 

2.0503 

79® 

0.9816 

0.1908 

5.1446 

65® 

0.9063 

0.4226 

2.1445 

80® 

0.9848 

0.1736 

5.6713 

66® 

0.9135 

0.4067 

2.2460 

81® 

0.9877 

0.1564 

6.3138 

67® 

0.9205 

0.3907 

2.3559 

82® 

0.9903 

0.1392 

7.1154 

68® 

0.9272 

0.3746 

2.4751 

83® 

0.9925 

0.1219 

8.1443 

69° 

0.9336 

0.3584 

2.6051 

84® 

0.9945 

0.1045 

9.5144 

70® 

0.9397 

0.3420 

2.7475 

85® 

0.9962 

0.0872 

11.4300 

71® 

0.9455 

0.3256 

2.9042 

86® 

0.9976 

0.0698 

14.3010 

72® 

0.9511 

0.3090 

3.0777 

87“ 

0.9986 

0.0523 

19.0810 

73® 

0.9563 

0,2924 

3.2709 

88® 

0.9994 

0.0349 

28.6360 

74° 

0.9613 

0.2756 

3.4874 

89“ 

0.9998 

0.0175 

57.2900 

75® 

0.9659 

0.2588 

3.7321 

90® 

1.0000 

0.0000 

oo 
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Answers to Questions 


Chapter 1 

1. A transformer is an electromagnetic device 
that transfers energy from one circuit to 
another through mutual inductance. 

2. AC. It is more efficient 

3. The primary windings of a transformer are 
connected to the source voltage, and the sec¬ 
ondary windings are connected to the loads. 

4. “H” terminals indicate the high-voltage 
windings, and the “X” terminals indicate the 
low-voltage windings. 

5. Transformers are rated in kVA. They may 
have to deliva- current to loads which do not 
consume power (watts) such as inductive and 
capacitive loads. 

6. Step-up. 

7. No. The output kVA must equal the input 
kVA. 

8. Maximum power will be transferred when 
the impedance of the load is equal to the im¬ 
pedance of the transformer. 

9. By the number system. HI is in-phase with 
XI. 

10. Copper and core losses. 

11. Laminating the core material. 

12. An increase in current flow in the trans¬ 
former will not increase the number of flux 
lines. 


13. Efficiency cannot be improved by the 
electrician. The electrician can ensure that 
the transformer will operate at its peak 
efficiency by good maintenance procedures. 

14. Application, purpose, cooling method, 
number of phases, type of insulation, and 
method of mounting. 

15. Overheating a transformer can destroy it. Re¬ 
ducing its temperature allows one to operate 
it above its capacity. 

16. Class H. 

17. Given on the nameplate. 

18. It is the percent of change of the output 
voltage from no-load to full-load. 

19. 2500 amperes. 

20. Compensate for changes in the value of the 
primary voltage. All power must be removed 
before changing the tap. 

21. Fuses or circuit breakers in the primary and 
secondary circuits. Lightning and surge 
arresters. 

22. 600 volts; 83.36 amperes. 

23. Autotransformers have a single winding 
common to both the primary and secondary 
circuit 

24. kVA X co-ratio. 
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25. Instrument transformers reduce the values of 
high voltages and currents to safer levels so 
that they can be measured. 

Chapter 2 

1. kVA rating and voltages. 

2. The leads marked are the high-voltage 
leads, and the ones marked “X” are the low- 
voltage leads. 

3. See Figure 2-4. 

4. Yes, if losses are not considered. 

5. 6.25 amperes. 25 amperes. 

6. See Figure 2-7. 

7. Zero. 

8. 2160 volts. 

9. Subtractive. 

10. Use an ohmmeter. 

11. See Figure 2-10. 

12. Primary: Hl-Hl, H2-H2. Secondary: 
X1-X1,X2-X2. 

13. No. A circulating current would be estab¬ 
lished between the two transformers resulting 
in high loss. These currents should be limited 
to 10% of the full-load current 

14. The transformer with the smaller impedance 
will take a disproportionate part of the load. 

15. Yes. See Figure 2-12. 

16. 120 degrees. 

17. 25% 

18. Counterclockwise. 

19. Zero. 

20. 480 volts. 

21. H2 terminals are wired together and taken to 
the neutral. 

22. Easier to install; lower cost; higher effi¬ 
ciency; less space required; lower transporta¬ 
tion costs. 

23. They are equal. 

24. Line voltage is equal to 1.73 times the 
winding voltage. 

25. Line current equals 1.73 times the winding 
current 

26. Line voltage equals winding voltage. 

27. Wye. 


28. Delta. 

29. Yes. Delta-delta, which cannot be wired 
parallel with delta-wye or wye-delta, 

30. See Figure 2-20. 

31. 62.28 kVA. 

32. Wye-wye. 

33. Yes. See Figure 2-23. 

34. Three. 120/240/208 volts. 

35. See Figure 2-28. 

36. 58% 

37. 15.5% greater. 

38. They can add to or subtract from the line 
voltage. 

39. Scott transformers. 

40. Providing a neutral where none exists. 

Chapter 3 

1. The transformer should be inspected and 
damage reported. 

2. Some transformers have gauges, and others 
have a level mark inside of the tank. 

3. Put tank under pressure using an inert gas 
and use soapy water to locate the leak. 

4. The coolant will expand when heated, 
building up pressure in sealed units and 
forcing liquid to overflow in units not sealed. 

5. 0.06% 

6. The temperature of the liquid can be elevated 
above the boiling point of water by using the 
short-circuit method. 

7. Mineral oil. 

8. Skin irritation; PCBs. 

9. Highest 

10. 8 feet 

11. Minimum of 8 feet. Grounded. Warning sign. 

12. Locked room or vault 

13. 4 inches. 

14. Yes. 

15. One that will remove the heat losses without 
causing a temperature rise in excess of the 
transformer’s temperature rating. An ex¬ 
change of 100 cubic feet per minute per 
kilowatt loss is recommended. 

16. 62 decibels. 
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17. Select a transformer with a low level of 
noise. 

18. Earth potential; the conductor between the 
system and ground; permanent joining of 
metallic parts. 

19. Keep noncurrent-carrying metallic parts safe 
to work around. Limit the rise of excessive 
voltages on the system. 

20. Ov^oltage and overcurrent 

21. Lightning and surge arresters. Fuses and 
breakers. 

22. Overload: The current is from one to six 
times the operating level but is confined to 
the current carrying conductors of the 
system. Short circuit: Currents are not 
confined to the system conductors and may 
be hundreds of times the normal operating 
current 

23. Volts, amperes, and interrupting capacity. 

24. Usually only one link will open on overload. 
In the case of a short circuit, two or more 
links will open. There is usually more 
evidence of arcing under short circuit 
conditions. 

25. Completely self-protected. The transformer 
has lightning and surge protection and 
breakers or fuses in the primary and secon¬ 
dary. 

26. 225 amperes. 250 amperes. 

27. Metal frame of the building. 

28. Operating under an overload condition. 

29. Primary and secondary voltages. Impedance. 
Primary and secondary currents. Where pro¬ 
tection is provided. Whether there is thermal 
protection or not 

30. Megger. 

31. 20,071 amperes. 

32. The voltage is adjusted to the point that the 
rated primary current is obtained. 

Chapter 4 

1. Repairs and down-time cost money. Mainte¬ 
nance can be scheduled, whereas emergency 
repairs cannot 

2. Repair crews are inherently inefficient. They 
spend most of their time waiting for failures. 


This time could be better spent preventing 
the failures through routine maintenance. 

3. Maintenance begins on a transformer when it 
is installed. The operating information 
collected at this time is the basis for future 
tests. 

4. How often maintenance is scheduled on a 
transformer is largely due to the environment 
in which it operates and the record of 
failures. 

5. Manufacturer’s recommendations should be 
followed. Also use common sense about the 
environment in which the device is to be op¬ 
erated. 

6. Damaged conductors are most often found 
around the pothead. 

7. Contacts oxidize causing resistance. This in 
turn results in a hot spot in the transformer. 
Power should be removed when cleaning the 
tap changer. 

8. 22 kilovolts. 

9. The oil will be discolored. 

10. Rubber has sulfur in it. The sulfur will be 
given off into the coolant and will attack the 
copper wire. 

11. The oil should be filtered using a filter press. 

12. The filters in the press arc becoming clogged 
and should be changed. 

13. A sudden rise in operating temperature. 

14. A gas absorber should be part of the trans¬ 
former. The gas given off by the coolants 
may be explosive and could explode in the 
event of an arc or fire. 

15. A solution of hydrochloric acid is allowed to 
stand in the coils. 

16. The acid should be poured into the water and 
not water into the acid. 

17. The nitrogen exhausts all the air and prevents 
moisture from mixing with the coolant 

18. Monthly. 

19. Maintenance periods can be extended when 
no problems are detected after several main¬ 
tenance checks. 

20. Heat, dirt* and moisture. 

21. This statement is false. The best way is to 
hear the increased vibrations of the addi- 
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tional load and to feel the temperature 
increase. 

22. Study, familiar. 

23. Faults in high-power systems usually leave 
some physical observable evidence. 

24. The transformer itself is more likely to be at 
fault 

25. b. short circuit 

26. The transformer can catch on fire. 

27. a. lower. Life and property are put in 
jeopardy. 

28. Megger. 

29. No. The coolant may have sealed the fault by 
the time the test is made. 

30. Yes. Hydrogen chloride gas is formed and 
when combined with water will form hydro¬ 
chloric acid which will attack the trans¬ 
former. 

Chapter 5 

1. Type of Structure; present Utilization and 
possible future uses; projected life of the 
structure; flexibility of the structure; location 
of service entrance equipment; load require¬ 
ments and their locations; sources, quality, 
and continuity of power, switchgear, distribu¬ 
tion equipment, and panels; installation 
method. Cost is always a factor. 

2. 18.65 kVA. 

3. 22.46 amperes. 

4. 601 volts to 15 kilovolts. 

5. 480/277 volts. 

6. A ground fault will not interrupt service. 

7. Transient voltages may cause damage to 
wiring and equipment; fault may not be 
detected with repeated arcing resulting; 
insulation may be stressed at voltages above 
its rating; faults are difficult to locate. 

8. 300 volts. 

9. No limit provided conductors are rated for 
the value and protected by rigid steel 
conduit 

10. No. 

11. Open the low-voltage feeder breaker supply¬ 
ing power to the defective unit. 


12. Separate transformers are used at each load 
unit with high-voltage primary being 
supplied to each. 

13. A defect in the feed system will affect only 
one power cer..=^r. 

14. Balance current load on each part of the 
feeder; allow for isolation of a defective 
power center for repair or maintenance; 
allow for isolation of defective feeder cable. 

15. Power can be maintained to all loads even if 
a power center or a feeder cable becomes 
defective. 

16. Limiters protect the system from ground or 
short circuit faults on the system. 

17. Use a network system that has more than one 
primary supply with separate primary feeder 
breakers. Each feeder supplies one or only a 
few of the total power centers. Each power 
center is capable of supplying loads through 
a banked-secondary distribution system. 

18. Each floor has a transformer to convert the 
480/277 volt distribution voltage to 207/120 
volt utilization voltage. 

19. 100,000 amperes. 

20. HVAC, busway, emergency lighting, and 
elevator. 

21. Only the fuse or circuit breaker associated 
with the fault will trip. 

22. According to cable size. 

23. Voltage and current can be supplied from 
either end of the cable. 

Chapter 6 

1. Volta, chemical source, the battery. 

2. Oersted. 

3. Davenport 

4. So many are in use to take the drudgery out 
of work. 

5. An electromagnetic device that converts 
electrical energy into mechanical energy. 

6. 746. 

7. Three. 

8. Three. 

9. DC, AC. 

10. Frequency of power source, number of poles. 
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11. 1200 RPM. 

12. Difference between the synchronous speed 
and actual speed of a motor. 

13. When the motor has only two poles. 

14. True. 

15. 83%. 

16. Turning force. 

17. Dynamometer. 

18. Measure motor speed. 

19. 0.81 horsepower. 

20. Windage, friction, core losses, stator loss, 
rotor loss, and stray load losses. 

21. Air gap between stator and rotor. Motor has 
friction. Moving parts of a motor are resisted 
by the air. 

22. The perc^t rotor loss is approximately equal 
to the percent slip. 

23. Cost of electrical energy has increased very 
rapidly in the past few years. 

24. The thermal protector is not UL approved. It 
may be either manual or automatic reset 

25. H. 

26. This is the amount of time a motor can 
operate under full load without overheating. 

27. The motor can be operated 15% over its 
rated capacity without causing damage. 

28. Stator, rotor, and a means of support 

29. Wound rotor and squirrel cage rotor. 

30. Sleeve and ball bearing types. 

31. Watts, horsepower. 

32. Difference in rate of expansion due to 
temperature change on two dissimilar metals. 

33. The north pole of a magnet is the one that 
points to the north geographic pole of the 
earth. 

34. Repel, attract 

35. Reluctance. 

36. Rotating magnetic field. 

37. Left-hand rule. 

38. Left-hand rule. 

39. Right-hand rule. 

40. Zero. 

41. Convert AC to DC. 


42. The attraction and repulsion of the magnetic 
fields between the field winding and the 
rotor. 

43. Neutral. 

44. Add additional loops in parallel on the rotor. 

45. 90,120. 

Chapter 7 

1. 115 volts, 230 volts, 115/230 volts. 

2. Constant, adjustable, multispeed, varying, 
and adjustable-varying speed. 

3. No. There must be some slip or no current 
will be induced into the armature. 

4. Start windings are added to the stator. These 
windings have a higher resistance than the 
run windings. The result is that the magnetic 
field created by the current flowing through 
these windings leads the magnetic field for 
the run windings. This creates a rotating 
magnetic field. 

5. 90. 

6. Centrifugal switch. 

7. T. 

8. The lead is connected to the thermal protec¬ 
tor. 

9. Black, red. 

10. Yes. Use an ohmmeter. The start windings 
will have a higher resistance than the run 
windings. 

11. Yes. Reverse either the leads of the run 
windings or the start windings to the power 
source. Do not reverse both. 

12. Series, yes. 

13. When motor is operated at the higher 
voltage. 

14. By changing the number of poles. 

15. Run windings are on individual poles rather 
than pairs. 

16. Higher starting torque. 

17. The capacitor is wired in series with the start 
windings and the centrifugal switch. 

18. Microfarads and V AC. 

19. Increase. 

20. They are identical. 

21. No. 
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22. Yes. 

23. No. 

24. Oil-filled capacitor. An electrolytic capacitor 
would be destroyed if it remained in the 
circuit for long periods of time. 

25. Provides higher run torque. 

26. The capacitor is switched between the run 
windings and the start windings. 

27. Very low. Shaded-pole motors have low 
starting torque. 

28. Rotation is toward the shaded pole. 

29. Repulsion motor. 

30. Shorted. 

31. Short, lift. 

32. No. 

33. Maximum torque is developed when the 
brushes are set at approximately 17° from 
hard neutral. 

34. Repulsion-start, induction-run. 

35. Repulsion-induction. 

36. Repulsion. 

37. Varying speed, high-starting torques, and 
ability to reverse direction of rotation. 

38. CEMF. 

39. Series DC motor. 

40. Armature reaction, self-induction. 

41. Torque, speed. 

42. Change direction of current flow through 
either the armature or the field windings. 

43. Decrease. 

44. Series. 

45. Compound, 

46. Suicide. 

47. Universal. 

48. The loads are always applied through gears 
or direct coupling. 

49. Compensating windings. 

50. Motor operates at a high RPM. 

Chapter 8 

1. 90,120 


2. Three-phase systems deliver almost constant 
power to the load. Single-phase systems 
deliver zero power during alternations. 

3. Stator, rotor. 

4. The rotor’s impedance is equal to the vector 
sum of its resistance and reactance. 

5. Frequency of stator current times percent 
slip. 

6. Rotor current, strength of the magnetic field, 
and the phase angle between the magnetic 
field and the rotor currents. 

7. Wye, delta. 

8. Delta, 

9. Tl,T2,andT3. 

10. Three 3-wire circuits. 

11. T5. 

12. Parallel with each other. 

13. Series. 

14. No. Synchronous speed - slip. 

15. Frequency, number of poles, percent slip. 

16. No. 

17. Resistance. 

18. Interchange any two phases of the power to 
the windings. 

19. Squirrel cage rotor type. 

20. It requires a much larger magnetizing force 
to have the flux lines leave the iron in the 
stator to cross the airgap to cut the rotor 
windings. 

21. 100 horsepower. 

22. For starting high-inertia loads requiring large 
starting torque. 

23. Additional resistance in the windings of the 
wound rotor motor during its run cycle 
results in reduced torque and the motor 
turning at a lower RPM. 

24. Synchronous motor. 

25. 1800 RPM. 

26. Three-phase, AC for the stator, and DC for 
the rotor. 

27. Speed, type of service, and power factor. 

28. A synchronous motor may use a separate 
motor to bring it up to speed or it may have 
special windings to start it as an induction- 
type motor. 
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29. l%to5%. 

30. Current is induced into these windings when 
the motor is running eith^ faster or slower 
than the synchronous speed. This sets up a 
magnetic field which tends to bring the 
motor back in sync with the rotating mag¬ 
netic field. 

31. No. The exciter generator is sometimes 
mounted on the rotor shaft of the motor. 
Direct connections can be made between the 
exciter and the motor’s rotor. 

32. Lagging. 

33. Delta, 240 volts. Wye, 416 volts. 

34. Four. One 3-wire, and three 2-wire. 

35. T6,T8. 

36. Either may be used. 

37. When breaking the current path to the coil, 
the meter should either be set to its highest 
voltage rating or removed from the circuit 

38. Line current can tell you if the motor is 
drawing its normal current for its horsepower 
rating. Also, the current should be about the 
same on each of the phases because the 
motor is a balanced load. If the load is not 
balanced and the current is either too high or 
low, the motor has a problem yet to be 
corrected. 

Chapter 9 

1. The motor should be checked to ensure it 
meets the specifications of the order, 

2. The shaft can be bent 

3. System voltage and nameplate voltage must 
be within 10%. 

4. Special paints and stainless steel hardware 
may be used. 

5. Provided the service factor is above 1.0. 

6. No. If anything, they should be overfilled. 

7. 1782 volts. 

8. 1,600,000 ohms. 

9. The motor must be dried. 

10. Raintight and dustdght 

11. The lubrication system may not perform in 
any direction and the lubricant may leak 
from the motor. 


12 . 10 : 1 . 

13. 400 RPM. 

14. Close to the motor. Reduces stress on the 
bearings. 

15. 1/8 inch sag for each foot of length of the 
belt. 

16. 64.26 inches. 

17. 2708.25 ft/min. 

18. Chain drives eliminate slij^age. 

19. Reduces noise and protects gear box in case 
of a jam. 

20. Mechanical. 

21. 85 amperes. 

22. OvCTloads. 

23. 98 amperes. 

24. 47.25 amperes. 

25. True. 

26. Six. 

27. Starts, stops. 

28. The contacts provide memory so that the 
motor will continue to run when the start 
button is released. 

29. Closed, 

30. No. FLC passes through the heaters of the 
overload which in turn will cause the 
overload contacts to open. The overload 
contacts are in series with the control circuit 

31. Thermostats, thermistors, RTDs, and thermo¬ 
couples. 

32. Loss of one phase of a three-phase system. 

33. Motors may be protected from low and high 
voltages, excessive vibration, excessive 
bearing temperature, excessive speeds, 
reverse direction of rotation, line surges, and 
lightning strikes. 

34. Ungrounded. 

35. Yes. Dual-element-type fuses provide both. 

36. The overcurrent device must have a high 
enough rating to take into account the 
starting current of the motor which may be 
six times the FLC. 

37. For oveicurrent protection, the FLC is found 
in the tables of Article 430 of the NEC. 
Nameplate FLC is used for determining 
overload protection. 
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38. 125%, 100%. 

39. Overcurrcnt devices protect the conductors in 
a circuit. Overload devices protect the 
equipment 

40. The interrupting capacity of a fuse or breaker 
is the amount of short-circuit current the 
device can withstand safely while removing 
the load from the source. 

41. Before starting a motor for the first time, the 
insulation resistance, lubricants and levels, 
freedom of rotation, alignment of motor with 
the load, proper and sufficient ventilation, 
and the power source all need to be checked. 
The motor’s wiring scheme must also be 
confumed with the wiring diagram. 

42. If a motor is performing according to its 
specifications, the currents and voltages will 
be within tolerance. Temperature rise will not 
be excessive. 

43. Power factor is the ratio of the watts used by 
the load to the volt-amperes delivered to the 
load. Mathematically this is expressed as 
PF = WattsA^A. Power factor is equal to the 
cosine of the angle. 

44. 40kW, 30kVAR. 

45. The power factor can be corrected to 95% by 
placing a capacitor rated about 16.85 CkVAR 
in parallel with the motor. 

46. Utilities may penalize a plant by applying 
additional charges for low power factor. Low 
power factor also reduces the overall 
capacity for doing useful work with the 
available kVA capacity of the transformers 
supplying power to the plant. Conductors 
along with related overcurrcnt devices, con¬ 
trollers, and switches must be larger. It costs 
more to operate with poor power factor. 

47. The [mmary cause of low poor factor is 
motors operating at less than their full horse¬ 
power capacity. This causes the current to the 
motors to lag the voltage in the system. 

48. Correcting the power factor will allow for 
additional loads to be placed on the system. 
The voltage conditions within the plant will 
be improved, and power losses wiU be 
reduced. 

49. Power factor may be improved by keeping 
motors fully loaded or synchronous motors 
may be used to correct the power factor. 


50, When power factor is corrected at the motor, 
power factor is corrected throughout the 
plant. If the motor is moved, the power factor 
correction goes with it. When powCT factor is 
corrected at the main, it is cheaper than 
doing so at each individual motor. Power 
factor throughout the plant is not corrected. 

Chapter 10 

1. Motors. Motors have moving parts which 
cause friction. Friction causes rise in tem¬ 
perature which is one of the primary destroy¬ 
ers of electromagnetic devices. 

2. Preventive and corrective maintenance. 

3. Temperatures above the motor’s rating, dirt, 
dust, debris, abrasive particles, chemicals, 
and moisture all can destroy a motor. 

4. Continuously. 

5. Changes in the motor’s performance become 
obvious. Time between maintenance proce¬ 
dures is charted. Costs can be controlled. 

6. Size of motor, usage, and environmental 
conditions. 

7. Handle parts with care. Tag and mark parts. 
Store parts in an organized manner and in a 
safe place. 

8. Use a block of wood and machinist hammer 
to break the seal between the bell housing 
and the motor’s frame. Check for electrical 
connections between the bell housing and the 
motor’s frame. 

9. Dirt and grime restrict the transfer of heat 
from the motor causing the motor’s tempera¬ 
ture to rise. High temperatures destroy 
motors. Debris collecting on motors may 
have metallic particles that can cause shorts 
or chemicals that will attack the motor’s 
finish or insulation of its electrical parts. 

10. False. High-pressure air used in this way can 
cause particles to collect deep in crevices of 
the motor and result in later problems. 

11. Yes. The motor must be completely dried and 
megger readings taken to insure the insula¬ 
tion quality. 

12. Insulation quality of windings needs to be 
restored by varnishing the windings. 

13. Radial, thrust, and angular loads. 
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14. Maintenance for large motors is needed more 
frequently. 

15. The pressure applied by power grease guns 
may rupture the bearing seal causing grease 
to leak from the reservoir. 

16. Bearings will overheat if there is none, too 
little, too much, or deteriorated lubricant 
Bad bearings and misalignment of motor and 
load will also cause this problem. In some 
rare instances, shaft current may develop and 
cause this problem. 

17. Increased friction will cause the motor to 
draw more current and overheat. The rotor 
may strike the stator poles or become frozen 
and not turn in severe cases. 

18. Arbor and press. This method eliminates the 
accidental striking of the housing and does 
not damage the bearing. 

19. Ball. 

20. Cleanliness of commutator, good brushes that 
fit the curvature of the commutator, freedom 
of movement of the brush in its holder, 
proper pressure of brush against the commu¬ 
tator, proper position of the brush on the 
commutator circumference, concentricity of 
commutator, proper undercut mica, the 
formation of a uniform copper oxide- 
carbon film. 

21. Brushes must be able to carry the load 
currents, act as a lubricant on the commuta¬ 
tor, and withstand high levels of short-circuit 
currents and peaks. 

22. High-grade carbon, electrographite, natural 
graphite, copper graphite. Copper graphite. 

23. Sandpaper. 

24. Causes brush damage and the need for 
replacements. 

25. Spring balance and a strip of paper. 

26. One-eighth. 

27. Wear is different for the two polarities. 

28. Opens, shorts, and ground faults. 

29. Megger. 

30. Yes. Use a clamp-on ammeter. 

31. Temperatures above motor’s rating. Environ¬ 
mental conditions such as moisture, chemi¬ 
cals, dust, and abrasive particles. Electrical 
spikes on the power line. 


32. Use your senses to detect problems before 
beginning electrical tests. 

33. Two. External and internal. External growl¬ 
ers are used to detect shorts and opens in the 
armature. Internal growlers are used to detect 
opens and shorts in the stator windings. 

34. The winding’s reaction would be zero when 
the ohmmeter is used because of the DC 
source voltage used by the meter. Only the 
DC resistance of the windings would be 
measured and a few shorted turns may not be 
noticeable in the mttsx reading. Impedance 
testing uses the line frequency for the meas¬ 
urement, and the reactance would be present 
to add with the resistance. 

35. Multimeter. 

36. Rotor windings are not shorted. 

37. An ohmmeter uses a lower voltage than the 
rated voltage of the capacitor and will not 
indicate voltage breakdowns at higher 
voltage. Also, the ohmmeter will not indicate 
capacitance value. The capacitor checker 
overcomes both of these problems. 

38. Capacitors are not repaired, they are re¬ 
placed. 

39. Yes. Capacitors can store a charge. Discharge 
them before attempting to make any meas¬ 
urements. 

40. There is no problem. Because DC was used 
instead of AC. the capacitor charged to the 
value of the applied voltage, the ammeter 
deflected, and the current stopped flowing 
due to opposing voltages. The capacitor is 
probably good. 

41. Power supply, controller, motor, and load. 

42. Power supply. 

43. Measure line current and compare it to the 
FLC rating of the motor. 

44. Motor has a short to ground and is not 
grounded itself. 

45. The power supply overcurrent device should 
open removing power from the motor. 

46. Centrifugal switch, start capacitor, and start 
winding. 

47. Look for another problem. The exciter 
voltage should not be applied until the rotor 
is at or near the synchronous speed. 
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48. The brushes are probably set at either hard 
or soft neutral. They need to be set at plus or 
minus 17^ from hard neutral in the direction 
of desired rotation. 

49. The friction causes an increase in the 
mechanical load. The motor must draw more 
current from the power source to overcome 
the load. The increased current though the 
motor windings causes a temperature rise. 


50. The motor has thermal protection. The 
thermal protector automatically resets when 
it cools. The motor is probably overloaded 
and the line current should be measured 
when it is running. 

51. Potential problems that can cause loss of 
production are often detected and corrected 
so that they do not occur at inopportune 
times. These programs increase the life of the 
machine, and in the long run, reduce costs. 
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AC Generator: An electromagnetic device used to convert 
mechanical energy into electrical energy. The device has an 
alternating current output. The machine uses slip rings and 
brushes. On large generators, the armature is fixed (stator), 
and the field windings are rotated (rotor). 

AC: Alternating current. The current reverses its direction of 
flow periodically twice each cycle. 

Ambient temperature: The air temperature surrounding a 
transformer or motor. 

Ampere: Unit of measurement for electrical current. An 
ampere is equal to 1 coulomb of electrons flowing by a given 
point in 1 second. Also known as coulombisecond. 

Ampere turns: Unit of measure of magneto force. Force = 
1.257 X current X number of turns. 

Apparent power: Volts X amperes in an AC circuit. 
Armature: A wound rotor with a commutator. 

Armature reaction: The magnetic field created due to the 
current in the armature set up due to its movement in a 
magnetic field. 

Askarel: A generic term for a group of nonflammable 
synthetic chlorinated hydrocarbons used as an insulating 
coolant in transformers. There are many types. Gases may be 
produced in askarels under arcing conditions. The principal 
gas is hydrogen chloride which is noncombustible, but small 
quantities of combustible gases may also be present 
Autotransformer: A transformer with common primary and 
secondary windings that can either step voltages up or down. 

Breakdown torque: Maximum amount of torque a motor 
develops under load without an abrupt drop in speed and 
power. 

Bridge circuit: Acombination circuit with series and parallel 
components that are tied to a common bridge. These circuits 
are frequently used to make precision measurements of 
component values. 

Capacitance: Ability to store an electrical charge. The unit 
of capacitance is UtiQ farad. Capacitance opposes changes in 
voltage. 

Capacitive reactance: Opposition to cuirent flow in an AC 
circuit due to the presence of capacitance. Capacitive reac¬ 
tance is measured in ohms. The symbol used for capacitive 
reactance is X^. = l/(27ifC). 


Capacitor: A device that will store an electrical charge. A 
simple capacitor consists of two conductors separated by an 
insulator. 

Capacitor-start motor: A version of the split-phase motor 
that has a capacitor in series with the start windings. This 
produces a greater phase displacement between the mag¬ 
netic fields of the start and run windings resulting in higher 
starting torque. 

Circuit breaker: An overcurrent device that operates on the 
principles of temperature rise or the strength of a magnetic 
field. Circuit breakers may use cither principle or both at the 
same time. 

Coefficient of coupling: Percentage of magnetic flux lines 
from a primary coil that cut the secondary coil of a trans¬ 
former. The number is expressed as a decimal fraction. 

Commutation: Process of reversing current so that current 
flow from an armature of a generator to a load is always in 
the same direction, and the current to the windings of the 
motor’s armature is always the same. 

Commutator. Group of bars providing connections from 
brushes to the armature windings. The commutator is a 
mechanical switch that maintains current in one direction. 
Compound DC motor: ADC machine that has both shunt and 
series field windings. 

Conductor: A material whose atoms have many free elec¬ 
trons and that allows current to pass though it easily. 
Conductors arc generally restricted to those materials that 
have atoms with less than one-half the number of electrons 
required to fill the outer shell of the atom. 

Copper losses: Heat losses in transformers and motors due 
to the resistance of the wire. These are sometimes referred to 
as PR losses. 

Coulomb: A quantity of electrons. Various authorities differ 
on the exact number of electrons in a coulomb. An authority 
at the National Bureau of Standards, now the National 
Institute of Measurements and Technology, reported the 
number as about 6.15 X 10^*. 

Counterelectromotive force (CEMF): Current induced into a 
conductor moving through a magnetic field which sets up a 
field that opposes the current that caused it. 

Coupling: Percentage of mutual inductance between pri¬ 
mary and secondary windings of a transformer. Coupling 
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losses occur when all the flux lines generated by the primary 
windings do not cut the secondary windings. 

ONICCW'. Clockwise/counterclockwise rotation. 

Cycle'. A set of events that reoccur in some sequence. A cycle 
is a complete set of values. One sine wave in a sequence of 
sine waves is a complete set of positive and negative values 
that reoccur in sequence and is a cycle. 

Cycling: Motor shuts off due to excessive heat and then 
comes back on when cool. The condition continually repeats 
itself. Cycling is sometimes called tripping. 

DC: Direct current. Current flows only in one direction in a 
circuit. 

DC generator: An electromagnetic device used to convert 
mechanical energy into electrical energy. The output current 
flows in only one direction. Direct current generators have 
commutators and brushes. 

Dielectric: Insulating material. 

Dielectric constant: Ability of a material to withstand elec¬ 
tric stress before breaking down and becoming a conductor. 
The dielectric strength of air is 1. 

Dynamometer: Measuring device that converts the magnetic 
force between two coils into the physical units of pound foot 
(Ib-ft) or ounce inch (oz-in). 

Eddy currents: Lx>sses due to currents being induced into the 
core materials of transformers and motors. 

Efficiency: Ratio of power output to power input: 
Electrolytic capacitor: Capacitors that are polarized with 
relatively high capacitance when compared to other types. 
The dielectric is a thin oxide coating on the aluminum foil 
conductors. 

Enclosures of motors: Motor enclosures may be open type 
(OT) or totally enclosed (TE). Open-type motors may have 
ventilation openings in the end shields and/or the shell. 
Totally enclosed motor enclosures may be nonvent (TENV) 
with no external fan, fan cooled (TEFC), and explosive 
proof. 

End-bell: Shield at each end of a motor that supports the 
bearings. The end-bell is sometimes called the end-plate. 

Energy: Ability to do work. Measured in foot-pounds in the 
English system and joules in the metric system. A foot¬ 
pound equals about 1.356 joules. 

Farad: Unit measurement of electrical capacitance. One 
farad is the ability of the device to store 1 coulomb of 
electrons for each volt applied. Farad = coulomb/volt. 
FHP: Fractional-horsepower motor. Motors whose ratings 
are less than 1 horsepower. 

FLA: Full-load amperes. The amount of current normally 
drawn by a motor when at rated load and voltage. Same as 
FLC. 

FLC: Same as FLA. 

Flux: Force field of a magnet 

Flux density: Number of magnetic flux lines per cross- 
sectional area. Unit of measurement is the gauss. One gauss 
equals one line of force per square centimeter. 


Frame or frame size: Usually refers to the NEMA system of 
standardized motor mounting dimensions. 

Frequency: The number of cycles that occur in 1 second 
(cycles/second). The unit of measure is the hertz (Hz). 

Full-load torque: The amount of torque developed by a 
motor when it is running at full-load speed and at rated 
horsepower. 

Fuse: An overcuirent device that operates on rise in tempera¬ 
ture. The fuse link melts and removes the power source from 
the load. 

Gilbert: Unit of measurement of magneto force. This is the 
force needed to establish one single line of force (maxwell) 
with one rel of reluctance. 

Ground: Earth potential. Exposed metal parts of electrical 
equipment are sometimes maintained at ground potential to 
prevent electrical shock. 

Ground fault: Any point on an ungrounded motor compo¬ 
nent where the resistance to the frame is 1 megohm or less. 

Grounding conductor. The wire between the electrical de¬ 
vice and earth. 

Growler: A device used to locate opens and shorts in a 
motor’s windings. 

Harmonic frequency: This frequency is a multiple of the 
fundamental frequency of the power source. Harmonic 
frequencies of 60 Hz would be 120, 180, 240, and so on, 
hertz. Harmonic frequencies can cause problems with motor 
operation and power distribution systems. 

Henry: Unit of inductance. One henry is present in a circuit 
when 1 volt is induced into the inductor for a change of 1 
ampere in 1 second. E = L(I/T). 

HP: Horsepower. A measure of the rate of doing work. In 
electrical terms, 1 horsepower is equal to 746 watts. In 
physical terms, 1 horsepower is equal to550 foot-pounds per 
second, or 33,000 foot-pounds per minute. Horsepower 
equals torque in ounce inches times RPM divided by one 
million. 

Hysteresis: A property of magnetic materials that causes the 
magnetization of the material to lag behind the force that is 
producing it. Hysteresis is a basic loss in electromagnetic 
devices. 

Hz: Hertz. Unit of measure of frequency in cycles per 
second. Alternating current power in the United States is 
usually 60 Hz. 

IBEW: International Brotherhood of Electrical Workers. 

Impedance: The total opposition to current flow in an AC 
circuit measured in ohms. Impedance is equal to the vector 
addition of resistance, inductive reactance, and capacitive 
reactance in a circuit 

Inductance: The ability of a changing or moving magnetic 
field to induce a current into a conductor. The unit of 
inductance is the henry. Inductance opposes the change of 
current in a circuit 

Induction motor. Motors that operate on the principles of 
magnetic rotating fields. No direct connection is made 
between the power source and the rotor. Rotor power is 
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obtained through transformer action between stator wind¬ 
ings and rotor windings. 

Inductive reactance: Opposition to current flow in an AC 
circuit due to the presence of inductance. Inductive reac¬ 
tance is measured in ohms. The symbol used for inductive 
reactance is X^. = 27cfL. 

Inductor, A component that processes the electrical quality 
of inductance. In circuit diagrams, L is used to indicate an 
inductor. 

Insulation classes: Insulation is rated by its temperature 
capability for reasonable life of the material. The two most 
common classes are Class A. 105®C. and Class B, 130°C. 
These values are for the total temperature and not for 
temperature rise above the ambient 

Insulator, A material that opposes current flow. By defini¬ 
tion, theelementhas more than one-half therequirednumber 
of electrons in the outer orbit of its atom. A more precise 
definition is that it requires at least 1 electron-volt of energy 
to cause an electron to leave the outer orbit of the atom and 
become a current carrier. 

Isolation transformer: A transformer with a 1:1 turns ratio 
used to isolate the load from the power source. 

JATC: Joint Apprenticeship and Training Committee. In the 
electrical industry, these committees are composed of NECA 
and IBEW members whose purpose is to provide electrical 
training for apprentice electricians. 

Joule: Metric measure of potential energy and work. It is 
equal to about 0.738 foot-pound. In electrical terms it is 
equal to 1 watt-second. 

Kilo: Prefix meaning 1000 times the root word. 
kVA: Kilovolt amperes, (\blts X amperes)/!000. 
Laminates: Thin sheets of insulated steel sheets used in the 
cores of transformers, motors, and generators to limit eddy 
current losses. 

Laws of magnetism: Like poles repel and unlike poles attract 
each other. 

Lead: The conductor wire brought out from the windings of 
a transformer or motor. 

Left-hand rule: A method used to predict the direction of 
current flow in a generator when the direction of motion and 
the magnetic field arc fcnown. 

Lenz's law: Induced current in any circuit is always in such 
a direction as to oppose the field that caused it 

Magnetic circuit: Complete path of the magnetic field. All 
magnetic flux lines that leave the source must return to the 
source. 

Magnetic line offeree: An invisible line along which a 
compass needle will align itself. 

Magnetic materials: All materials that are attracted by a 
magnet Common metals are iron, steel, nickel, and cobalt. 

Magnetic saturation: An increase in the magnetizing force 
produces little or no further increase in the flux density. 

Magnetomotive force (F) (mnf): Force that produces flux in 
a magnetic circuit 

Maximum power tranter: This condition exists when the 
impedance of the load equals the impedance of the source: 


Maxwell: One single line of magnetic flux. 

Meg: Prefix meaning one million times the root word. 
Example: 1 megohm = 1,000,000 ohms. 

Micro: Prefix meaning one-millionth of the root word 
(0.000001). a 1 microfarad (pF) c^adtor is equal to 0.000001 
farad. 

Mil: One-thousandth of an inch (0.001 inch). 

Milli: Prefix meaning one-thousandth of the root word 
(.001). 100 mH = 0.1 henry. 

Motor: An electromagnetic device that converts electrical 
energy into mechanical energy. 

Motor reaction: Opposing force to rotation developed in a 
generator caused by the load current 

Multimeter. Test instrument that combines the voltmeter, 
ammeter, and ohmmeter in the same device. 

Mutual inductance (M): Two or more coils have the same 
magnetic circuit Flux change in one coil will cause an EMF 
in the other(s). 

NEC: National Electrical Code. This code is sponsored by 
The National Fire Protection Institute and is used by many 
government bodies to regulate building codes pertaining to 
the installation of electrical wiring, lighting, and appliances. 
The purpose of the code is to safeguard persons and property 
from the hazards arising from the improper use of electricity. 

NECA: National Electrical Contractors Association. 
NEMA: National Electrical Manufacturers Association. 
No-load voltage: Output voltage of a source such as a 
transformer when no current is being drawn. This voltage 
will fall when a load is applied due to the current flowing 
through the internal impedance of the source. 

Oersted: Unit of magnetic intensity equal to 1 gilbert per 
centimeter. 

Ohm: Unit of measure for resistance(0). The value of the 
ohm has been internationally agreed to as being the amount 
of electrical resistance that a column of mercury, 106.3 
centimeters long, 1 millimeter square, atO^C, will present to 
current flow in a circuit. The mercury has a mass of 14.4521 
grams. A common definition is that when 1 volt is applied to 
a circuit, and 1 ampere flows in the circuit, then 1 ohm of 
resistance is present. 

Ohm's law: The relationship that exists among voltage, 
current, and resistance in a circuit. E=IX R. For AC circuits, 
the resistance is replaced by the impedance (Z) of the circuit. 

Open circuit: Circuit broken or the load is removed. Load 
resistance is undefined in value. 

Oscilloscope: Test instrument that displays amplitude, fre¬ 
quency, and wave shape on a cathode ray tube. 

Ounce-inch: Measure of torque for a small motor. An ounce- 
inch is equal to 1 oimce of force applied at 1 inch from the 
centerline of the shaft. 

Overcurrent protector, A device such as a fuse or circuit 
breaker that removes the load from the power source when 
a predetermined level of current is drawn by the circuit 
Overload protector: A temperature detecting device built 
into a motor circuit which disconnects the motor for the 
power source if the temperaUire rise becomes excessive. 
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PCB: Polychlorinated biphenyl. Achemical used in askarels 
which has been banned by the EPA due to its cancer-causing 
characteristics. 

Period: The amount of time required for one cycle. The 
period can be determined by dividing the frequency into 1. 
T=l/F. 

Permanent magnet: Bars of steel and other materials that 
have been permanently magnetized. 

Permeability: Relative ability of a material to allow the 
passage of magnetic flux lines as compared to air. 
Permeance (P): Ability of a material to allow the passage of 
magnetic flux lines. It is equal to 1/reluctance. 

Pico: Prefix that means one-trillionth (0.000000000001), 
0.000000000001 farad = 1 picofarad (pF). 

Polarity: Magnetic polarity has been defined so that the flux 
lines move from north to south. Circuit polarity is defined so 
that current flow in the external circuit is from negative to 
positive. 

Poles: Number of stator poles in a motor. 

Polyphase: Power system with two or more phases. 
Potentiometer: A variable resistor used to control the voltage 
in a circuit. A potentiometer has three leads coimected to it. 
Power: Rate of doing work. Foot-pounds/second. Power in 
an electrical circuit is equal to amperes X volts for DC, and 
amperes X volts X cos0 for AC. The unit of measure of elec¬ 
trical power is the watt. Substituting the definitions for 
ampere and volt, watt = (coulomb/second) X (joule/cou- 
lomb) = j/s. 

Power factor: The ratio of true power to apparent power. 
Power factor is equal to the Cos0. 

Primary winding: The coil of a transformer that is connected 
to the power source. 

Reactance: Opposition to current flow due to the presence of 
inductance or capacitance in an AC circuit. 

Relay: Magnetic switch. 

Reluctance: Opposition to the passage of magnetic flux 
lines. 

Repulsion-start motor: Single-phase motor that develops 
starting torque by interaction of rotor magnetic fields and 
stator magnetic fields. 

Residual magnetism: The magnetism that remains in the 
material after the magnetizing force is removed. 
Resistance: Opposition to current flow measured in ohms. 
Resistor. An electrical component that opposes the flow of 
current. In circuit diagrams, resistors are designated with R. 

Rheostat: A variable resistor used to control the flow of 
current in a circuit. A rheostat has two leads connected to it. 

Right-hand rule: Using the right hand, the direction of 
rotation of a motor can be predicted if the direction of current 
flow and the magnetic field are known. 

Rotor: The moving part of a motor or a generator. 

RPM: Revolutions per minute. Speed of rotor rotations on a 
motor. 


Running torque: The turning force as determined by the 
horsepower and speed of a motor at any given time during 
operation. 

Secondary winding: The coil of a transformer that receives 
energy from the primary winding of a transformer and is 
connected to the load. 

Series motor: Field windings are connected in series with the 
armature. The current is the same through both windings. 

Shaded-pole motor: Each field pole is split to accommodate 
a short-circuit copper ring called a shading coil. The coil 
produces a rotating magnetic field in conjunction with the 
field pole to start and run the motor. 

Short circuit: A direct electric connection of very low 
resistance across the power source or a component, usually 
resulting in fault currents. 

Shunt: A connection in parallel with some component or 
circuit. 

Shunt motor: Field windings are connected in parallel with 
the armature. 

Sine wave: Graphic representation of a wave whose size is 
proportional to the sine of an angle that is a linear function 
of time and distance. 

Single-phase motor: A motor that operates on single-phase 
alternating current. 

Slip rings: Metal rings that are connected to the rotor of a 
motor or generator to connect the rotor windings to an 
external circuit using brushes. 

Solenoid: Coil of wire wrapped around an iron core to 
produce an electromagnet 

Split-phase motor: A single-phase motor that has start and 
run windings. Arotating magnetic field is created by the two 
sets of windings to start the motor. Once the motor starts, a 
centrifugal switch removes the start windings from the 
circuit 

Squirrel cage rotor. A rotor consisting of bars placed in slots 
of the rotor core and joined together by end-rings. These 
rotors are used by single-phase and three-phase induction 
motors. 

Stack: Thickness of the stator. 

Starting torque: Amount of turning force produced by a 
motor when it begins to turn after being stopped. This is 
sometimes called the locked-rotor torque. 

Stator. The stationary part of a motor or a generator on which 
coils arc wound. 

Step-down tran^ormer: A transformer whose secondary 
voltage is less than the primary voltage. 

Step-up transformer: A transformer whose secondary volt¬ 
age is higher than the primary voltage. 

Stroboscope: An electrical or mechanical device that can be 
used to measure the RPM of amotor. The stroboscope makes 
the rotor appear to stand still when the RPM matches the 
frequency of the stroboscope. 

Switch: Device for directing or controlling the current flow 
in a circuit. 
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Synchronous motor: An electrical machine that runs at the 
synchronous speed. 

Synchronous speed: This speed can be calculated by multi¬ 
plying the frequency times 120 and dividing this value by the 
ntimber of poles. Synchronous speed = F X120/N. 

Tachometer: A mechanical device used to measure the RPM 
of a motor. 

Temperature rise: Amount of heat a transformer or motor 
generates above the ambient temperature. 

Thermalcouple: Two dissimilar metals joined at a common 
junction point. The junction of two dissimilar metals when 
heated produces a current flow. As this junction changes in 
temperature^the thermal couple will provide different levels 
of currents. 

Thermistor: A solid state device whose resistance changes 
with change in ternperamre. 

Three-phase AC: Three separate but conmion voltages or 
currents that are displaced from each other by one-third 
cycle, or 120°. 

Transient pulses: Unwanted electrical disturbances intro¬ 
duced into a system that may disrupt the operation or cause 
damage. Lightning strikes often cause transient pulses. 
True power: Power dissipated in watts. Volts X Amperes 
X CosO. It is the actual power used by a circuit. 


Turns ratio: Ratio of the number pf turns in the primary of 
a transformer to the numbers of turns in the secondary. 

Unity coupling: When all the flux lines created by the 
primary coil cut through the secondary coil of a transformer, 
unity coupling exists. 

Universal motor: A series AC motor that also operates on 
DC. 

VA: Volt-ampere. Volts X Current. In a DC circuit the VA is 
equal to the w atts, or power dissipated. This is not true for AC 
circuits. 

Vector: A straight line drawn to scale that shows magnitude 
and direction of a force. 

Volt: Measure of potential energy. One volt is equal to 1 joule 
per coulomb. Volt = joule/coulomb. 

Voltage drop: The difference between the source voltage and 
the voltage across a load supplied by the source. 

Voltmeter: An electrical instrument used to measure the 
potential energy in a circuit 

Watt: Electrical unit of power. Joule/second. 

Wcatless power: Power that is not consumed in an AC circuit 
due to reactance. 

Wattmeter: An electrical instrument thatreads the true power 
in a circuit. 
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Absorbers, gas, 82 
Adjustable-speed motor, 143 
Air 

blast transformers, maintenance, 81-82 
pressure, motor cleaning, 253-254 
Airgap, motor, 194 
Alarm systems, 105 
Alignment, belts and pulleys, 217 
Alternating current 

comparison with direct current, 3-4 
motors, 140-141 
Alternations, definition of, 140 
American Standard Wre Gauge, 4 
Ammeter, clamp-on, 272 
Amortisseur windings, motor, 199 
Ampere, definition of, 110 
Angle, brush, setting. 268-270 
Annual maintenance, 250 
Apparent efficiency, motor, 117 
Application, as transformer classification, 10 
Arbor 

bearing removal, 259 
press. 260-261 

Arcing at brushes, troubleshooting, 286 
Armature 
DC, 171-172 
motor, 122 

testing for grounds, 274 
Arresters, lightning, 59 
Askarel, precautions with, 66-67 
ASWG,4 

Autotransformer, 16-20 

Ball bearing, 123-125 
lubrication, 256 

Banked secondary radial system, 94-97 


Base 

motor mounting, 213 
speed, motor, 143 
Battery, polarity, 26 
B earing (s) 

angular contact, 124 
motor, 123-125,255-261 
check of, 209 
cleaning, 256-257 
loads on, 255 
lubrication schedule, 255 
replacing, 259-261 
overheating, 258-259 
puller, 260-261 

sleeve, lubrication of, 257-258 
troubleshooting. 286 
wear, check of, 259 
Belts. 215-218 
Boost transformers, 42-44 
Branch circuit conductors, 219-220 
Breakdown torque, 114 
Breakers, 59-60 
circuit, 103 
Bnish(s) 

arcing, 267, 286 
chatter, 267 

fitting to commutator, 270 
holders, 270 

motor, 127-128.265-272 
setting angle, 268-270 
spacing around commutator, 271-271 
spring tension, 267-267 
staggering, 270-271 
yoke adjustment. 269 
Buck transformers. 44 

Bushing numbers, identifying transformer polarity using, 
26-27 
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Bushings, motor, 123 
Capacitance 

adding to improve power factor, 238 
fonnula for, 154 
Capacitor(s), 129-130,153-159 
conductors for, 221 

location for power factor correction, 242-244 
motors. 153-155,159 
permanent-split, 159-160 
speed, 157-159 
tests for, 280-281 
thermal protection, 156-157 
-start capacitor-run motor, 159 
Capacity, interrupting, 65-66 
Centrifugal switch, 128-129,146-148 
Chain drive, motor, 218 

Characteristics, permanent-split capacitor motors, 160 
Charge, held on capacitor, 244 
Circuit breakers, 103 
motor, 228-233 
Circuits, feeder, 220-221 
Classification 

synchronous motors, 197-198 
of transformers, 9-12 
Cleaning 

commutators, 263-264 
motor, 252-255 
bearings, 256-257 

Commercial office building, distribution system, 101-103 
Commutator(s) 

checking concentricity, 264 
cleaning, 263-264 
DC motor, 139-140 
mica undercutting, 264-265 
motor, 127-128.261-265 
Compass, effect of magnetic field on, 109 
Compensating windings 
repulsion motor, 169 
universal motors, 180 
Compound 
motor, 173 
DC, 178-180 

Concentricity, commutators, checking, 264 

Conductors, 219-221 

Connection(s) 

common transformer, 34-37 
delta. 33-34 
-wye. 35-36 

delta series, delta series, 39-40 
delta parallel, delta parallel, 38-39 
transformer, 23-47 
wye, 32-33 
-delta. 36-37 
-series, wye-parallel, 40 
-wye, 36 

Consequent-pole, 190 
windings, 152 
Controllers, 

motor, 222-224,244-245 

overcurrent protection, 227-228 


Coolant(s), 49-50 

-filled transformers, maintenance, 79-80 

filling transformer with, 68 

flammable, 54 

health hazards, 51 

liquid, 66 

problems with, 68 

removing moisture from, 50 

storing, 50 

testing, 50 

Cooling systems, transfonners, 66-68 
Copper, 

graphite motor brush, 266 
losses, 7,172 

Co-ratio, autotransformer, 19 
Core losses, 115 
Corrective maintenance, 247 
Costs 

motor, 116 

of poor power factor, 236-237 
Couloumb, definition of. 111 
Counterelectromodve force, 172 
Coupling, motor, 213,215-219 
eSP transformers, 60-62 
Cumulative compound motor. 179 
Cuncnt(s) 

in capacitive circuit, 155 
eddy. 8,115 
relay, 148 

rotor, polyphase motors, 186 
transformer, 5-6 21 
Cybernetics, 244 

Damper 

winding, 198 
motor, 199 

Davenport, Thomas, 110 
DC 

armature, 171-172 
motor, 171-175 

Defective component, isolating, 283 
Delta 

connection, 33-34 
open, 41-42 

parallel, delta parallel connection, 38-39 
series, delta series connection, 39-40 
system, testing of, 71 
-wired motor 

dual-voltage connections, 188 
identifying leads, 204-205 
-wye connection, 35-36 
or wye, identifying, 201 
Detergent, motor cleaning, 254 
Diagrams, wiring, polyphase motors, 187 
Dielectric testing, 66, 67 
high voltage, 70 
transfoimers, 79 

Differential compound motor. 179-180 
Direct 

coupling, motor, 213, 215 
current 

comparison with alternating current, 3-4 
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motors. 138-140,171-180 
transmission, 4 

Disassembly, of motor, 250-252 
Disconnect, motor, 221-222 
Distribution 

small plant, protection of, 101 
systems, 89-106 
combinations, 100 
simple radial, 92 
types of, 92-100 
voltages, 89-92 
Drive, motor, 213 
Dry-type transformers, 66 
Drying, motor, 209-210 
Drying out, transformers, 70.78-79 
Dual 

primaries, 25 
-voltage 

connections, delta wired motor, 188 
motors, 156 

split-phase motor, 150-160 
wye wired motor, 187-188 
windings, transformer, 37-40 
Dynamic braking, 172 
Dynamometer, use of, 113-114 

Eddy currents, 8 
loss. 172 
motor, 115 
Edison, Thomas. 3 
Efficiency 

motor. 112115-117 
squirrel-cage motor, 194-195 
synchronous motor, 197 
Electrical 

characteristics, motor, checking, 207 

considerations, motor installation, 219-233 

protection, 58-66 

testing, transformers, 68-71 

tests 

motor windings, 272-281 
transformer, 86 

Electrographite motor brush, 266 
Electrolytic capacitor, 154 
Electromagnetism, 134-135 
Enclosures 

motor, 125-127 
NEMA, 210-211 
Environmental 

considerations, transformer installation, 51-55 
problems, motor installation, checking, 208-209 
Equipment grounding, 56-57 
Excitation voltages, 197 
Exciters 

synchronous motors, 199-201 
External growler, 275 

Failure, motor, causes of, 247-248 
Faraday, Michael, 109 
Faraday’s motor, 109 
Fault, transformer, 86-87 
Feeder circuits, 220-221 


Field discharge resistor, 198 
Filter press, 79-80 
Bammable coolants, 54 
Flexible couples, 215 
Flux 

lines, 132 
linkage loss, 9,115 
Force, counterelectromotive, 172 
Forced-air cooling, 66 
Fractional horsepower motors, 143-182 
Frame, motor, marking, 251 
Friction. 115 
Full-load torque, 114 
Fuse links, 14 
Fuses, 59-60 
motor, 228-233 
transformer, 84-86 

Gas 

absorbers, 82 
test, transformers, 80 
Gases, purging, 86-87 
Gear drive, motor. 218 
General purpose motors. 111 
Generator principles. 136-138 
Generators, left-hand rule, 136,138 
Governor, motor, 128 
Grease, types of, 255-256 
Ground fauli(s) 
finding, 273-277 
interrupters, 105 
Grounding 

distribution systems, 90 
equipment, 56-57 
motor, 228 

rules, transformer, 57-58 
transformer, 56-58 
Grounds, system, 56 
Growler 

checking for shorts between windings with, 278-279 
use to find gioimd faults, 275-276 

Handling, motor. 207 
Hardware 

identification, transformers, 16 
mounting, motor, 210 
High 

carbon motor brush, 266 
power factor, benefits of, 237-238 
resistance, windings, tests for, 277-279 
voltage, dielectric test, 70 
Hipot 
test, 209 

testing, transformers, 68-69 
Holders, brush, 270 
Horsepower, 174 
de^tionof, 110 
three-phase motor. 189 
Hysteresis losses, 9 

I^R losses, 115 

Identification, motor leads, 201-205 


31S 



Index 


Impedance 

parallel transfonners, 29-30 
test, wound rotors, 279-280 
transformer. 6-7 

Inspection, and maintenance, 78 
Installation 

procedure, 207-212 
transfomier, 49-73 

Instant reverse, capacitor-start motor, 157,158 
Institutional maintenance, 75-76 
Instrument, transformers, 21 
Insulation 

as transformer classification, 11-12 
tests, motor. 209 
Internal growler, 275 
Inteipoles, 173 

Interrupters, ground fault, 105 
Interrupting capacity, 65-66 

Joule, definition of. Ill 

Leads 

numbering of, three-phase motors, 187 
untagged, identifying. 201-205 
Left-hand rule, generators, 136,138 
Length, belt, calculation of, 216 
Lightning arresters. 16, 59 
Limiters, 103-105 
Lines, flux. 132 
Liquid coolants, 66 
Load(s) 

motor bearings, 255 
120-volt, 24 
240-volt. 24-25 
Locked-rotor torque, 114 
Loop primary radial system, 93-94 
Loss(es), 7-9 
copper, 7,172 
core, 115 
eddy current, 172 
flux linkage, 9, 115 
hysteresis, 9 
motor, 114-115 
reduction, 9 
saturation, 9 
stray load, 115 
tests, transformer, 70-71 
universal motors, 180 
Low power factor, cause of, 235-236 
Lubrication, bearings, 255-256 

Magnetic 

coupling, motor, 218-219 
starters, for speed reversal. 192 
Magnetism, 132-134 
Maintenance 

air blast transformers, 81-82 
annual, 250 

coolant-filled transformers, 79-80 
corrective. 247 
dry-type transformers, 78-79 
and inspection. 78 


institutional, 75-76 
preventive, 75,248-250 
quarterly, 249-250 
requirements. 247-248 
scheduling, 248 
semiannual, 250 
transformer, 76-78 
types of, 247 
weekly. 249 

Measuring, power factor, 238-242 
Mechanical 

considerations, motor installation, 212-219 
freedom, motor, check of, 209 
Megohmmeter, use to find ground faults, 274-275 
Mica undercutting, commutators. 264-265 
Millivoltmeter, use of, 276,278 
Model numbers. General Electric motors, 291-292 
Modem simple radial system, 92-93 
Moisture, removing from coolants, 50 
Motor(s) 

alternating current, 140-141 
amortisseur windings, 199 
bearings. 123-125 
replacing, 259-261 
brushes, 127-128 
capacitor, 129-130 153-155 
-start, 159 
capacitor-run, 159 
tests for, 280-281 
cleaning of. 252-255 
commutator, 127-128,261-265 
compound E)C, 178-180 
controUer, 222-224,244-245 
costs, 116 

damper windings. 199 
DC shunt. 175-176 
definition of, 110 

delta-wired, identifying leads, 204-205 
determining if at fault, 282-283 
direct current, 138-140,171-180 
direction of rotation, 112 
disassembly of, 250-252 
dual-voltage, 156 
delta wired, 188 
wye wired, 187-188 
efficiency of, 112, 115-117 
enclosures, 125-127 
failure, causes of, 247-248 
first, no 

fractional horsepower, 143-182 
front, 112 

installation, 212-233 
losses. 114-115 

nameplate nomenclature, 117-120 
permanent-split capacitor, 159-160 
polyphase, 185-206 
principles of operation, 132-134 
repulsion, 164-165 
-induction, 170-171 
-start, induction-run, 166-169 
reversible, 144 
right-hand rule, 139 
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rotor, 122-123 
series DC, 176-178 
shaded-pole, 160-164 
slip, 112 
speed 

capacitor-start motor, 157-159 
classification of, 143 
three-phase motor, 189-192 
split-phase, 144-153 
squirrel cage, three-phase, 193-195 
stator, 121 

synchronous speed, 111-112,144 
three-phase, 197-201 
testing, 205 
three-phase 

wound rotor, 195-197 
wye-wired, identifying leads, 201-204 
troubleshooting data, 286 
universal, 180-182 
windings, electrical tests, 272-281 
Mounting 

hardware, motor, 210 
motor installation, 212-214 
as transformer classification, 12 
Moving, transformers, 51 
Multimeter, clamp-on. 272 
Multispeed motor, 143-144 

Nameplate nomenclature, 12-16 
motors, 117-120 

National Electrical Manufacturers Associations 
5eeNEMA 

Natural graphite motor brush, 266 
NEMA 

insulation classes, 11 
motor enclosures, 210-211 
standardized numbering system, 149 
standards, squirrel-cage motors, 194 
Network system, simple, 99-100 
Neutral plane, generator, 136-137 
Noise level, transformers, 54-55 
Nomenclature 

nameplate, 12-16 
motors, 117-120 
Numbering 

leads, three-phase motors, 187 
system, NEMA standardized, 149 

Oersted, Hans Christian, 109 

Office btiilding, commercial, distribution system, 101-103 

Ohmmeter, use of. 274-275,277 

Oil 

-cooled transformers, testing, 82 
-filled capacitors, 154 

-immersed, air-pressure—cooled transformers, 82 
samples, taking of, 67 
Oiling, sleeve bearings, 257-258 
120-volt, load, 24 
Open 

delta. 41-42 
shunt field, 176 
windings, tests for, 277-279 


Overcurrent protection 
motor, 228-233 
controller, 227-228 
Overheating, bearings, 258-259 
Overloads devices, motor, 224-226 

Parallel transformers 

Paralleled transformers, testing for, 72 

Permanent-split capacitor motors, 159 

Permeability, material, 9 

Phase(s) 

relationships, transformer, 7 
reversal, 105 
testing, transformers, 72 
as transformer classification, 10 
Plant, small, protection of, 101 
Polarity 
battery, 26 
definition of, 136 
transformer, 26-28 
Poles, magnet, 132-134 
Polyphase motors, 185-206 
Pony brake, use of, 113 
Potential transformers, 21-22 
Power 

definition of, 110 
factor, 112 

correction, 235-244 
definition of. 235 
high, benefits of. 237-238 
how to improve, 238 
low, cause of, 235-236 
measuring. 238-240 
poor, cost of, 236-237 
generation, three-phase, 30 
requirements 

motors, 143-144 
polyphase motors, 185 
supply, motor, 219 
triangle, 236 
Press, filter, 79-80 

Preventive maintenance, 75,248-250 

Primaries, dual. 25 

Primary 

current, relation to secondary, 6 
selective radial system, 97 
winding, 5 
Protection 
devices 

nameplate information. 14.16 
selective coordination. 103 
thermal, 226 
electrical, 58-66 
low voltage, 105 
motor 

single-phasing, 226-227 
thermal, 226 

motor controller, 227-228 
overvoltage, 105 
surge, 105 
system, 101-105 
transformer, 60,62-65 
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Protectors, thermal, 130-132 
Pull-up torque, 114 

Quarterly maintenance, 249-250 

Radial system, 92-99 

Rating, transformer, 5 

Ratio, turns, 5 

Records, maintenance, 76 

Regenerative, braking, 171 

Regulation, speed, DC motor, 174-175 

Relay, current, 148 

Repulsion 

-induction motor, 170-171 
motors, 165-167,169-170 
-start, induction-run motors, 166-169 
Resistor, field discharge, 198 
Reversibility 

permanent-split capacitor motors, 159 
shaded-pole motor. 162-163 
split-phase motor, 149-150 
Reversible motors, 144 
Reversing direction of rotation, 157 
DC motor, 174 
universal motors, 181 
Right-hand rule, motors, 139 
Rooms, transformer, 52-53 
Rotary commutators, 261 
Rotation 

direction of, three-phase motors, 192 
motors, direction of, 112 
reversing direction of, 157 
Rotor(s) 

current, polyphase motors, 186 
I^R losses, 115 
squirrel cage, 122 
motor, 193-194 
support, motor, 122-123 
three-phase synchronous motor, 198 
wound, 122,195 

impedance test, 279-280 

Samples, oil, taking of, 67 
Saturation loss, 9 
Scott transformers, 45 
Sealed transformers, testing, 81 
Seals, motor, check of, 209 
Secondary 

current, relation to primary, 6 
selective radial system, 97-99 
winding, 5 

Semiannual maintenance, 250 
Series 

motor, 175 
DC. 176-178 

Service factor, motors, 120 
Shaded-pole motors, 160-164 
Shaft 

current, motor, 258-259 
motor, check of, 209 
Shock, when motor touched, 285 
Short-circuit test, transformers, 69-70 


Shorted windings, tests for, 277-279 
Shunt 

field, open, 176 
-type motor, 175 
Single 

-phase, transformers, 23-26 
-phasing protection. 226-227 
phasing, 105 
Sleeve bearing, 123,125 
lubrication of, 257-258 
Sling, motor, 252 
Slip 

motors, 112 
rings, 265 

Solvent, motor cleaning, 254 
Special purpose motors. 111 
Speed 
control 

DC shunt motor, 175-176 
three-phase motor, 189-190 
universal motors, 180-181 
wound rotor motor, 196-197 
motor, 111-112 

three-phase motor, 189-192 
of operation, motors, 143-144 
permanent-split capacitor motors, 160 
ratio 

belt and pulley, 215 
chain drive, 218 
gear drive, 218 

regulation, DC motor, 174-175 
repulsion-start, induction-run motor, 169 
series DC motor, 177-178 
shaded-pole motor, 164 
synchronous, 111-112,144 
three-phase synchronous motor, 197 
Split-phase motor, 144-153 
dmd voltage, 150-160 
connections, 148-149 
two-speed. 150-160 
reversibility, 149-150 
Spring tension, brush, 267-267 
Squirrel cage motor 
NEMA standards, 194 
rotor, 122,193-194 
three-phase, 193-195 

Starters, magnetic, for speed reversal, 192 
Starting 

AC motor, 141 
capacitors, 154 
DC motor. 140 
Start-up, transformers, 72 
Stator, 121 

polyphase motors, 185-186 
testing for grounds, 274 
winding, 145-146 
wound rotor motor, 195 
Steinmetz, Charles, 3 
Storage, transformers, 51 
Stray load losses, 115 
Surge protection, 105 
Switches, centrifiigal, 128-129,146-148 
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Synchronous 
motor, 197-201 
speed 

motors, 111-112,144 
three-phase motor, 190 
System(s) 

distribution, types of, 92-100 
grounds, 56 
protection, 101-105 
240 volt/120 volt, 25 

Tap(s) 

changer, 14 
feeder conductors, 221 
transformer nameplate information, 13-14 
Tee-connected transformers, 44-45 
Temperature check, transformers, 80 
Tension, spring, brush, 267-267 
Test(s) 

before putting motor in operation, 233-235 
dielectric, 79 

lamp, use to find ground faults. 273-274 
Testing 

delta system, 71 
dielectric, 66, 67 
Thermal protection 

capacitor-start motors, 156-157 
devices, motor, 226 
Thermal protectors, 130-132 
Three-phase 
motors 

direction of rotation, 192 
types of, 192-193 
synchronous, operation, 198-199 
power generation, 30 
squirrel cage motor. 193-195 
synchronous motor, 197-201 
transformers, 30-32 
wound rotor motor, 195-197 
Thrust bearings, 124-125 
Time delay fuses. 230 
Torque, 144 

DC motor, 173-174 
of motor, 113-114 
polyphase motors, 186-187 
series DC motor, 176 
squirrel-cage motor, 195 
types of, 114 
Transformer(s) 

action, polyphase motors, 186 
boost, 42-44 
buck, 44 

classification, 9-12 
connections. 23-47 
cooling systems, 66-68 
CSP. 60-62 
coolant 
drying out, 70 
electrical testing, 68-71 
filling with, 68 
currents, 5-6, 21 
definition of, 3 


dual windings, 37-40 
fault, 86-87 
grounding, 56-58 
hardware identification, 16 
hipot testing, 68-69 
impedance, 6-7 
installation, 49-73 
instrument, 21 
maintenance, 76-83 
moving, 51 
polarity, 26-28 
potential, 21 

principles of operation, 5-7 
protection, 60,62-65 
rating, 5 

single-phase, 23-26 
start-up, 72 
tee-connected, 44-45 
three-phase, 30-32 
troubleshooting, 83-86 
wiring 

in parallel, 28-30 
and putting in service, 71-72 
Transmission, direct current, 4 
Triangle, power, 236 
Trigonomelric functions, 293-294 
Troubleshooting 
data, motors, 286 
excessive arcing at brushes, 286 
motor bearings overheat, 286 
motor fails to start, 284 
motor noisy, 284-285 
motor overheats, 285 
motor runs too slow, 286 
motor stops after running, 285 
shock when motor touched. 285 
techniques, 281-283 
transformers, 83-86 
Turns ratio, 5 
240-volt 

/120 volt system, 25 
load, 24-25 

Two-speed, split-phase, motor. 150-160 

Universal motors, 180-181 

Vacuum, motor cleaning, 253-254 

Varnishing windings, 254-255 

Vaults, transformer, 52-53 

Vectors, three-phase transformers, 30-31 

Ventilation, transformer rooms, 53-54 

Vibration sensor, motor, 227 

Volt, definition of, 110 

Volta, Alessandro, 109 

Voltage(s) 

direct current motor, 171 
distribution, 89-92 
excitation, 197 

permanent-split capacitor motors, 159 
repulsion motor, 169 
repulsion-start, induction-run motor, 169 
shaded-pole motor, 164 
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Voltage(s )—continued 
tests, transformer, 70-71 
Voltmeter, finding ground faults with, 276-277 

Water 

and detergent, motor cleaning, 254 
-cooled systems , 66 
-cooled transformers, testing, 80-81 
Watt, definition of, 110 
Weekly maintenance, 249 
Wmdage, 115 
Wmding(s) 

amortisseur, motor, 199 
compensating, repulsion motor, 169 
universal motors, 180 
consequent-pole, 152 
damper, motor, 199 
PR losses, 115 
primary, 5 
secondary, 5 
stator, 145-146 
temperature, maximum, 132 
varnishing, 254-255 


Wire Gauge, American Standard, 4 
Wiring diagrams, polyphase motors, 187 
Work 

DC motor, 174 
definition of, 110 
Wound rotor, 122 

motor, three-phase, 195-197 
secondary, conductors for, 221 
impedance test, 279-280 
Wye 

connection, 32-33 

-delta cormection, 36-37 

or delta, identifying, 201 

-wired motor, dual-voltage connections, 187-188 

-series, wye-parallel connection, 40 

-wired motor, identifying leads, 201-204 

-wye cormection, 36 

Yoke adjustment, brush, 269 

Zigzag connection, transformer, 45 
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